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PUEFACE 


The readers for wlioin popular books on science arc 
obviously intended, are tliose who have not had the advan- 
tage of a mathematical education, nor the privilege of at- 
tending courses of lectui’ea on experimental science. HencM3 
it is a common practice to adciress the popular mind in such 
a manner as if it were incapable of appreciating more than 
the dc^tails or the curiosities of science, passing by, or making 
sub(^dinato, those gnind principles ox nature which ought 
to Ip the object of all scientific teaching. But, since every 
one reels an interest in understanding something of the laws 
govern the physical world, it becomes the duty of the 
'r i-o see that his pupils (as all his rcadei's must bo 
; Sored) are impressed with clear ideas of the subject 
o review, so that they may not only understand that 
“q^is professed to he taught, but rise up from the perusal 
of tlie work with, a desire to know more. This ought to be 
the e ffect of e»'ery >vcll- written popular t^atise. Such a 
treatvse ought to bear the same relation to larger and more 
difficult works that a small boat bears to a large ship ; the 
boat enables us to gt't on board the ship, and the popular 
treatise ouglit to conduct the student to higher works ou 
the 85^0 subject. 

if scientific men arc disposed to prepare popular 
treat ses with this view, and intelligent publishers to issue 
then at a ])riee sufficient to bring them within the reach of 
eveU' one, it is not too much to expect the co-oporatioii of 
th^f wilder in caiT^dng out so praiseworthy an object. The 
r™l:T must be prepared to bestow a bigb..V 'ilfort of mind 
Ilf the perusal of the work than is rec^uired for the appreci- 
ation of a romance, or ei en of u treatise on popular science^ 
i\» this term is often understood. He must be prepared 
aiid not mfsrcly to glance over its pages. 
If he find it difficult on a ^t perusal, let bim give it a 
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socond, or a third ; and we may venture to assure liiin that 
his labour will not be misapplied! 

In the following treatise the writer has attempted to 
excite an interest in the study of principles, bv making 
facts and details subordinate to this higher aim. lie might 
have been more successful if more space could have been 
allowed; but this would have defeated one of the priTicipal 
objects which the publisher bad in view in proposing this 
series, namely, great cheapness. It has therefore h' on 
necessary to refer certain subjects to subsequent luimlxTs, 
in order to deal, at greater length, with other subjects, 
which will not bo treated of separately. 

The WTiter has to acknowledge his obligations to his 
friend, Mr. E. L. Garbett, for his assistance in tilling up 
the details and preparing the figures for this work, as 
well as for the accompanying Treatises on Mechanics and 
Pneumatics. 

C. T. 

Camden Town, 

Sepomlei^f 1848. 


PJlEFiOE TO T31E SECOND EDITION. 

The firnt edition of 7,000 copies havhif? been for ♦Ome- 
time exhausted, the writer has taken advantage ol the 
smaller tjpe, in* which this second edition is printed, to 
3 nake suuary additions to 1 ho work, amounting altog'|ther 
10 about twelve pages. The success of this small^ lieiitiso 
has show'll that an iviniest purpose* on the part ot n i (*ien- 
tific w'riter to coiney sound iustru(*tion is rcRptnultd to by 
a large mass of readers, although troin the iiainrc' oi the 
subject, if properly treated, his ti'aciiing luav not always 
belong to the merely po^^ilar. ^ ^ 

Bedfobd Place, AMPimiL IfQrABE, 

A third edition being eall^ for by the sale of the second 
edition, this edition is now isswd with grateful thanks. 

J. W. 


January Ist, 1853. 
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INTRODUCTION 


TO THE STUDY OP 

NATURAL PHILOSOPHY. 


When a pi'pson is re^loused for a few weeks in autumn 
fnim tlie cares of l)usiuess, and detoruiiiios to visit some 
fomgii countiy, wliicli tlio facilities ot* modem tiuvel may 
li 3 ?Ve made easily ac<‘eHsible, he is generally prompted to liis 
d^t^laiiiuition by bigiiei* motives than change of scene, fresh 
|dr, and bealtliful (‘xcTciso ; or, laiher, he combines iheso 
ol^ects wiili tlie more impt»rtaut motive of adding to his 
stores of kn(A\ ledge, of lading up a. fund of information 
1?/hieh will afterwards siipjdy him with agreeable and useful 
topics of tl anight and conversation, and asslkt his comp re- 
tention of various liooks that he may di'sii'e to read. J'ho 
time at liis disposal being limited, he cannot do more than 
, gteico at the genciul features of the country he proposes to 
Ti«t; but he manages to select several of the most striking 
otj^octs for which the land is remarkable, and, by concen- 
tyt^Mug his atUmtion on tlfese, he dear and distinct 

of paidicular f:u*ts, while, hy passing rapidly over the 
.finsyier, ho acquires a general impression of the whole. 

;But if our traveller should he so fortllIlai^' as to fall in 
eompanioii on the road, who is intimalely acquainted 
the country, as well as Avith the language and tl^o 
iDOiiJmcrs and customs of its people, how greatly is tLo plegr 

B 
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sure and profit of the journey increased ! lie does not 
waste his time and means in the pursuit of worthless objects, 
but is led at once to the very things which lie ought to see, 
is placed in the best positions for seeing them, and is told 
OMW'tly what he ought to know respecting them. No 
wonder that our traveller is delighted with his journey. On 
his return home he looks out for the best books on the 
subj<‘ct, and reads them w ith far more interest tlniu he would 
have done if ho had not Yisit(‘d the eouiitr}-, or had not fallen 
in with an intelligent guide. 

That which the guide is to the traveller, the author of this 
little book hopes, iu some degree*, to be to the reader who 
wishes to travel nipidly over the rich and broad domain 
of Natural Philosoph 3 '. AVithiii the limits of this small 
volume we cannot do more than give a general view of the 
country w’o propose to visit, and, in order to do even this, 
W’e must travel by an express train, and acquire km^wledge 
as we move rapidly along. At the stations a few o])])ortiini- 
ties may «occur of examining some nnnarkable object» more 
in detail, and these wdll be not so much with a view to illus- 
trate the nature of the country as to show’ the best methods 
of exploring it. 

2. Before visiting a foreign country our first concern is 
to its language. Shall we understand the language of the 
natives, or will they nnderstand ours ? In our capacity ajs 
guide through the rt'gions of Natural Philosophy w^o shall 
chiefly use the common vernacular language. There is, 
however, a language u.sed by tlic privilegecl class(*8, called 
MaihemutioSj w hich it is of great hiiportance to know, since 
the best letters of introduction will not admit a visitor into 
good society unless be is acquainted with at least the rudi- 
ments of this language: far less can ho hope without it to 
understand the state secrets which, although unknown to 
the crowd, extend their influence over the whole of society. 
Nevertheless, as we may travel through a country and obtain 
a general idea of it* '‘Matures aJid natural j^roductions, its 
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laws and institutions, its manners and customs, without 
mingling witli tiie court or the nobility, so, in natural j)hilo- 
sophy, a knoA\l(‘dgo of common language may enable us to 
take a general survey of the land, and get a good deal of 
useful and important inlbrmation. 

3. Natural scitmce, in its widest and most general sense, 
einbrjices the study of that collection of created beings and 
objects, and of those law s by wdiich they are govcjrued, all of 
W'liich arc (‘oncistdy expressed in the term rtolure. The vast 
accumulation of kno\\ ledge, and its unequal progress, led to 
a necessity, long siiict*, of dividing the study of nature into 
seviTal distinct sciences. Jii the first place, natural objects 
were separated into tvto grand classes, the organic and iho 
INORGANIC ; the former being eminently distinguished from 
the latter by the exhibition of tnial jjoivn* or life. Organic 
bodies were also found to admit of a n\arked distinction into 
animala and plants; the science of Zoology describing and 
dassif;^ing the one, and that of Botany the other. These 
sciences, which admit of many subdivisions, form, collectively 
with Mineraloyyy that department of knov\ ledge cidled JVh- 
iural History. 

Jn the second place, it was found desirable to erect into a 
distinct science the study of celestial phenomena, which are 
comprised in Astronomy. That wliich remained included 
the study of inorganic and teirestrial phenomena, forming,—* 
1. Geology y which has for its object the observation and 
description of t-ho structure of the external crust of the 
globe ; Mineralogy y taking account only of the separate items 
of which the earth’s crust is compo^pd. 2. Chemistry, which 
may bo regarded as inorganic anatomy, its objei't being to 
decompose bodies, to study the properties of their elements, 
and the law^s of combination. 8 . Physics, or Natural Philo^ 
sophy, properly so called, which considers the general proper- 
ties of all bodies, and therefore, in its widest sense, includes 
Chemistry (or at least so many of its law s as are common to 
aU substances) ; but the use of the term physical is often 
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limited to tliose plieiioineim wliich do not relate to chemical ^ 
composition, but appear to depend on several universal af^en- / 
cios, tlie laws and dehnitiou of which have to be souglit out. f 
But Natural Philoso])hy, evmi in this restrickid sense, is ; 
again subdivided into many distinct sciences. The mutuiil 
action of forces and luasst^s of matter produces in the latter „ 
either equilibrium or motion; and hence arise tliose two 
impoiijant divisions of science called ^faiics and Dynamica^ 
whieh are further divided into ^tcvao-slnticH and IS/ereo- 
dymtmics as applied to solids; Ihjdrodalks and IJydro-^ 
dynamics as ajiplied lo liquids; and, perhaps wc may add, 
JUleclro-staiics and Klcclro-^dynamies ap])lied to t'lectricity, 
ri'garded as a fluid. The application of statics and dynamics 
to air and other gaseous fluids is eaUed Fncumafics, The 
npplicativin of* dynamics to the arts of life has led to the 
composition and arrangement of the various macliiiies for 
assisting the labour of man; and hence this branch of science 
is called Mechanics, Th(' construction and performance of 
the various Tnachiiujs or engines emj)io 3 ed to raise' water, or 
'which are driven by the motion of that fluid, belong to hydro* 
dy'juuiiics (sometimes called Hydraulics)^ while the eonstruc- 
tiou of AAorks depending on the cquiUbi'ium of li(piids 
belongs to hydrostatics. In like manner, those inaclnnea 
'wiiich arc driven by tlie wind depend on the ajqdicaliou of 
pneumatics; and all the varied phenomena of the atmosj>]ier^» 
arising from the action of heat, light, electricity, and mois- 
ture, form the science of Meteorology. The phenomena of 
Heat and jE'Zcc^W 6'% also form separate sciences, tlie latter^ 
admitting of live divisions ; namely, Hlectricity, properly so 
called, Magnetism^ Qalvit/aisniy or YoUaic electricity^ Thermo^ 
electricity, and Anmial-electricity. The phenomena of Liyht^ 
although included in tlie general term Optics, are so \ aried 
as to give rise to at least six extensive branches of scioiico ; 
namely, Herspeefire, Catoptrics, Dioptrics, Chromatics, Dhy* 
sical Optics, and Polarization; to which may now perhaps ber^ 
addea a scveulb, Actino-chemisiry. 
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4. li must be borne in mind that all tbi'se divisions and 
subdivisions of natural science are purely arbitrary, and are 
made for the couvenicnec of study. They do not of course 
exist iji nature, for the various beinj^s and objects and phe- 
nomena of the natural world are all subject to the same 
genera] laws, and consequently are influenced by, as they 
are dependent on, them. Tt is scarcely possible to become 
intimately acquainted with a single phenomenon, without 
tlie assistance of several sciences. There is, however, a 
method of arrangement by which these sciimces fall into 
their })laces in the order of their complexity ; the most 
sim])le standing flrst, or, in other w'ords, those groups of 
phenomena wdiich dej)end on the most simple and general 
law’s are taken as a basis on Avhich to erect other groups, 
including the same general characters as the first group, but 
having also something in addition which makes them a little 
more complex tliautlu^ first group. In like manner, a third 
grouj) may be eojiiiectcd with the lirst and second, if it 
contain all their characters and sometliing in addition. In 
this way a natural system of classilication may be built u]) 
for the phenojuona of inorganic matter, as it has been with 
such decided success in Zoology and Botany. The animals 
or the j)lants to be classified were carefully studied with a 
view to their real affinities, the di'peiidencd of groiqis upon 
each other being t lie links of an extended chain ; with this 
difierence, that, insteail of the links being all alike, the sirn- 
])lest is ])laced first ; this is succeeded by one a little more 
complex, the third is still more coiiqdex, and so on to the 
end. JVow, in order to g('t anythinglike a clear view of the 
diffiTont branches of Natural Philosophy, wt must examine 
them with refi'rciKje to their df'pendeuce in the order of 
their advancing complexity. It is evident that, as fatts 
become multiplied, this sort of arrangement or cla.ssificatio]i 
is required. A number of fiicts are selccUal and arranged 
into a group, according to s^nne feature peculiar to them all; 
and thus a sort of bundle is formed, and the common feature or 
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governing principle constitutes at onct' a connecting tic and 
a. label to the buiicllej which is laid aside lor future use. But 
it otleu ]ia])pcns that tliis conuectijig lie or governing prin- 
ciple may fail to hold t<»gether the ficts thus (*olh‘ctecl. It 
may be no true tie; the supposed go\ermng princij)le may 
not govern ; one bundle of fa<*ts may fall io pieces as soon as 
we attempt io handle it : and this is a suflieieiit proof that 
some olber tie must be sought Htill the very attempt to 
arrange facts has its use : a had arrangemc'iit is pref(*rjd>le to 
no arrangement; for a bad arrangement may lead to abetter; 
but no arrangement (’■an only lead to eonfiision ; for, as the 
groat regenerator of natural science has said in his ovii 
striking manner, Truth is more easily evolved from error 
than from confusion.”'*^ 

5. lienee the use of or iheories in seienet', 

A\hich are often neci'ssary to enable us not only to arrange, 
but also to describe, known facts. Hypotheses are soim*- 
times as necessary as language ; for without them we could 
neither cx|>ross what is known nor even tliink of it inldli- 
gibly. By repeat<'dly exchanging ono liypol liesis for anotluT, 
the true law of nature is at length evohed; that is, those 
uniformities Avhieh exist among a certain set of phenomena 
arc reduced to their simplest form of expression. A law of 
nature thus formed is not only remarkable for its simplitaty, 
but for the wide range of its application; it connotts into 
one harmonious whole numerouvs facts alnaidy known, and 
llirows light upon others which had hitherto h(‘(m only 
d’mlv si'on. When the mind is fairly indiut'd with this law- 
in all its generality, a st'paratc effort of memory is no longer 
rcnpiired for each fact, f^ii* the law' is so comprehensive, that 
it not only enables the mind to retain facts, but assists it in 
discovering others, and in observing them in nature, under 
a variety of circumstances where their i)rc8enco was not 
beifore suspected. 


♦ Lord Bacon. 
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Thus ati liypotlirsis is useful in arranpjing facta, and 
thereby assisting the memory to retain them, even tboiigh 
it he not a true expression of nature. It may contain a 
part of the trutl^, and gi’adually lead to tho evolution of the 
real law. By observation and ex])erim<‘nt, fju*ts are esta- 
blished ; by arranging and re-arranging facts under one or 
other hypotliesis, a principle or law of nature is at length 
brought out; and this riiethod of dealing with or gencrali/ing 
facts is called induction^ and forms the gnind instrument of 
inv(istigatiou in physical inquiries. 

0. Jlence arises one of the most irn])ortant points of dis- 
tinction bctwe(’n ^^hldcal. and abstract (or mathematical) 
sei(‘nc(‘. The latter pi*oc(‘eds chiefly by deduction, or descent 
from generals to ])ariiculars, starting from the fuiulamental 
id(‘as of space and numher, and following tlu'in into more 
and more intricate combinations and ramifications; while 
natural science, on ib(‘ <*ontrary, is inductive, its constant 
obj(‘ct being tt) generalize or collect jnany parthadar tacts 
into one general c\]m^ssion or law, and many suclidaws again 
into one still more general princijde; thus, not oidy extending 
our knowletlge, but t'ondeiising it into siiialha* and smaller 
compass. Ind(‘C(i, although the number of known facts is 
continually iiiereasiiig, the number of acknowledged princi- 
ples is being eoustaiilly reduced ; and the lormer object is 
to be considered as merely secondary and subserxient to the 
latter, which is the true aim (*f pb^>sical science. Hence, 
}lO^\evel• paradoxical it may appear, it is nevertheh‘ss true, 
that in proportion as natural science is advanced, and the 
laws of nature become fairly established, the less we liave to 
remember. 

7. The objetits of all natural science may ib(‘refore be 
regard(‘d as threefold. JPtrs/, tlie discovert/ of laws, or ll e 
generalization of the faets or pheiiumi‘iia of nature, and 
their reduction to the smallest possible number of princi- 
ples. TJiis object is the only one of t he three which admits 
of being attained ooiupli'tely. In two of the aboveiiamed 
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branches of science (tl ynaniica and astrojion\v), it has actually 
been so attained; and they are thus rcinovc'd from aiiionpf 
tlio inductive atul placed among the deductive sciences, their 
induction being a]i*t;iidy coinjdetcd. 

Sacomll^^ the ih* termination of data, as they are called, 
that is to say, ot* certain quantities wlucjli Jiiusi be known 
(or their ratios to each other known) ])efore tli(‘ laws can he 
appli(;d deduetively to predict any iaet or j)hen()inenoii. 
Tlie most ])erl‘eet knowledge of the laws of planetary mo- 
tion, togethiu* with ])erfe(*t mathemalies to apply them, 
would not cjuible the astronomer to predi(‘t th(' place of j 
planet at a given instant of time, unless he kiu'w its pluets 
at some other givmi instant,* together with certain ])articiilar 
dimensions, t which tix the form, size, and ])osition of its 
orbit. So, with all other natural laws, they are too general 
to admit of particular application, nnk‘ss w o have parlituilar 
data, which must be determined either by tLir(‘ct. jiieasuro- 
inent, or by mathematical reasoning, or ealeiilatioii ibuuded 
on such iaeasuremeut ; and as tliese measurements can 
ntwor he perfect, nor eveji so a(*ciiratt> as to render greater 
accuracy useless, it is evident that this object., the dt‘teru»i- 
natioji of data, must he regard(‘d as one wliieli ANe are eoji- 
stanlly aj)proaching Avithout uAcr completely attaiiiijig, 
although the progress of science furnishes the moans of 
attiiiiiing greater aceura(*y. 

Thirdly. The ultimate ohjeet for Avlueh the two former 
objects are pursued, is the deduclioti from these Jaws and 
data of the fiW'ts or phenomena that may a.ri.sfi from new 
combinations of eireunislanees, or tlie di‘tei*miiiatioii of the 
mode in which we mu^. CAmibine circumstances so as to 
produce a given result. It is Iutc that the truth of the 
famous ai)hoi‘istn, “ knowledge is power,” becomes realized. 
But it is here also that wre perceive most ek^arly the iiudli- 
ciency of human know ledge ; for if the first of the objects 


♦ Technicall^r, the epoch, f Technically, the elements of ite oiLit. 
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above proposed be com]>lct(‘ly aliainablo, Avhilc tlio seeoiui 
can v)iily bo attained ]>y approximalion, tins last, on the 
contrary, can be* approiiebed only in tlio way that a balloon 
may be said to aj)proa<^b the stiirs. To say that our deduc- 
tions from a ]aA%, when it is once established, arc limited 
only by the extt‘nt of our niatbematics, is to pronounco 
tliein limited indeed; for it is in matliematical, far moi'O 
obviously than in ])hysieal, Kcienee, that liud ourselves, 
to use the fit^urativo expression of our grc'at countryman, 
piehiug up a few p(‘bl)los on the sea-shore, nhile the gn^at, 
the intiiiite oeean of truth lies all undisco\(U*cd before us. 

8. We may cite as an illustration of these views the law 
of gravitation, which ri‘gulatcs the celestial motions. It is 
the simplest that could be imagined ; namely, that hodii^s 
attract I'aeh other directly as the mass, and inversely as the 
square of the distamto.* blow it is the object of physical 
astronomy to deduce from this one simjde law all the 
motions of tlie l)odies (about thirty in number) which con- 
stitutes the planetary system to which wo belong. This has 
been doii(‘ so l:ir as to leave no reasonable doubt that it 
miglit be done completely, if Ihc problem were within tho 
reach of mailiemalical science. Hut this science, or our 
appli(*ation of it, has a limit. The motions of iu'^o bodies 
gravitating towards caeli other may be ♦deduced without 
nnieh difficulty: but let a third hod} be introduced, and let 
the three all mutually attra<*t each other, and the probhuu 
becomes the most difficult that our mathematics has y(‘t 
solved. 'I’here is no hope at pn^sent that tin' motions of 
four bodies mutually acted on by t))is simple law could bo 
deduced ; and it is oidy on accou^ii of tho immense dispro- 
portion hctvvocii the masses of the sun and of the largest 
planets, and between these and tho smaller ones, tliat 
astronomical events can be predicted so accurately. This 

* It lias been proved that a force varying inversely as the simple dis- 
tance instead of its square, although enounced in simpler terms, would, 
nevertheless, lead to more complex results. 
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ibrtuuate disproportion renders a sufficient degree of accu** 
racj attainable without considering tho action of more than 
three bodies at once. 

This will give some idea of the feebleness of deductive 
science, and its utter incompetency to deduce from the 
simple laws of dynamics and gravitation any of the great 
mass of every-day terrestrial motions. If the problem of 
three bodies” be the highest that has ever been solved 
deductively, what shall we say to the problem of innume^ 
ruble bodies which is presented to us in every terrestrial 
phenomenon ? 

9. The first problem of physical science then is, — given 
the phenomena^ to find their law. The second is, — given 
the law, and some of the phenomena, to find those quantities 
which are to serve as data for the prediction of other 
phenomena. The third problem is an inversion of this 
given the law, and these data, to foretelf the phenomena. 
Now, though the first of these problems is, as we have seen, 
the only one that can be completely solved, yet it is the 
only one which cannot be reduced to a logical form ; it is the 
only one which cannot be solved by rule. It is plainly, 
from its enunciation, what mathematicians call an indeter- 
minate problem; that is, the promises are insufficient to 
determine or fix the conclusion ; whereas, in both the other 
cases, they are sutficient ; for we have two things given to 
find one. While these, therefore, come tinder the rules of 
strict reasoning, the first problem can only be solved as it 
were by hypothesis, by successive gueseee and triah ; for the 
truth of a law arrived at by induction cannot be known, 
except by reversing the prqcess and deducing the phenomena 
from the law. No generm rules, then, can be given for 
induction, or the discovery of a law from a set of pheno- 
mena, any more than the chemist can give rules for 
analysing substances that contain unknown ingredients; 
for such rules for induction (could they be given) would, as 
Sir John Herschel remarks, include the whole of inductive 
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ficieoee. Induction would no longer be required, its olgi'ct 
being attained and its problem solved at once in all its 
generality, so as to render all further solutions of particular 
cases mmecessary. 

But although this great and primary object of natural 
science cannot be reduced to rules, yet many philosophers 
have done great service by collecting, arranging, describing, 
and reasoning upon the various methods that have most 
frequently led to its attainment. The first of these was 
Lord Bacon, who, without being a discoverer of physical 
truth, became, nevertheless, the founder of natural philoso- 
phy, by first pointing out this its true object, and suggesting 
the modes by which it might be expected to be attained. 
The carrying out of his suggestions has led to all the vain 
able discoveries of the last two centuries ; and it may be 
doubted whether this great mental discovery did not display 
a vaster effort of mind (as it has certainly a wider gene- 
rality of application) than any of the physical discoveries 
that have arisen from it. 

To enumerate the principles applicable to in*ductive rea- 
soning would be out of place in this little book. The reader 
who wishes to see them brought together, classified, and 
explained, is referred to the valuable works mentioned 
below ;♦ but there is one of these principles which, from its 
beauty and its direct bearing on natural theology, must not 
be passed over, 

10. In all his inquiries the natural philosopher is greatly 
assisted by analogy. In the broad truths or laws of nature 
which have been once established, there is so much sim- 

# 

* jyiteourH on ike Study qf Natural Philoiophy, in tlie Cabinet 
Cyclopaedia,*' by Sir John F. W. Heracbel. 

The Hiatory and the Phitoeophy qf the Inductive Scieneee, by the 
Rev. Dr. Whewell. In five large volumea. 

A Syetem qf LoyiCt by John Stnart Millt forming a connected view of 
^e principles of evidence and the methods of scientific investigation. In 
two lai^ volumes* 
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pJiciiy, sucli manifest design, tliat the same Almighty hand 
is everywhere discernible. Nature is made to work by the 
simplest means; the design is uniform in that which we 
understand, and we look for simplicity and uniformity of 
design in that which we are endeavouring to make clear. 

Many of the most success^ h3rpothes6s, or guesses at 
ziatural laws, have been originally suggested by this prin- 
ciple of analogy. We must be careful, however, not to rely 
too implicitly on such suggestions ; because infinite variety is 
no less a principle of nature than perfect unity ; and in 
placing too much dependence on the latter we may forget 
the former. A remarkable instance of this occurs in the 
history of the science of light. It was by analogy, derived 
from the case of sound, that Huyghens was led to found his 
beautiful theory of light, on the supposition that it con- 
sisted in a vibratory motion transmitted through a supposed 
universal fiuid in the same way that vibrations are trans- 
mitted through air. But although the reality of the undu- 
latory theory of light lias been rendered more and more 
probable by the remarkable and unexpected agreement of 
this thooiy with every subsequent discovery, yet it has been 
shown that the analogy which led to this happy idea was 
unfounded, the waves or vibrations of light being communi- 
cated in a totally different mode from those of sound; namely 
sidewise, instead of directly forward: for while sound is 
propagated by each particle of fluid pulling or pushing its 
neighbour as it were backwards and forwards, in light each 
particle urges the next one laterally ; namely to the right or 
to the left. 

IL We have spoken df the value of hypotheses in con- 
necting facts until science is ready for their more complete 
generalisation into a law of nature. The history of science 
furnishes many instructive instances of the mode in which 
an hypothesis is superseded by a law. For example, it was 
an hypothesis with the ancient philosophers that nature 
abhors a vacuum,*’ and they we(re nalurally led to it by 
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observing that not only did no vacuum or empty space exist 
in the world, but that all attempts to form one were de- 
feated by the unexpected entrance of some kind of matter in 
obedience to no known natural law except that implied in 
r the above assertion. Thus, if one end of a tube be immersed 
, in water, and the other end be placed in the mouth, on 
sucking out the air the water will rise in the tube. The 
same thing happens in a pump : one end of the barrel dips 
into the well, and by working the piston contained in the 
barrel, the air is extracted, and the water rises. These and 
numerous other facts, hypothetically connected by the term 
suction, were referred to nature’s antipathy to a vacuum ; 
but it so happened, that on the erection of a pump at 
Florence, it was found impossible to raise the water to the 
surface. This excited great astonishment; and upon in- 
quiring into the circumstances, it appeai»ed that the distance 
from the piston of the pump to the surface of the water in 
the well exceeded thirty-four feet ; and this appeared to be 
the source of failui’e. ^ 

Galileo was consulted, and it is now a matter of doubt 
whether his solution of the difficulty was given satirically 
or seriously. His reply was, ‘‘ that nature’s abhorrence of a 
vacuum extended only to the height of thirty-three feet,” 
This peculiar predilection of nature for a 'certain number of 
feet w'as, indeed, the only way of reconciling the old hypo- 
thesis with the new facts ; but it placed this hypothesis in a 
ridiculous light, and did not remove the difficulty in the case 
of the Florentine pump. 

The great question to be solved was, Why does water 
rise in a pump?” Torricelli, ^an illustrious disciple of 
Galileo, brought together all the known facts of the case, 
with the addition, how'ever, of one new feature, which bad 
I hitherto been omitted in the inquiry. Up to this time air 
had been supposed to possess no w'eight, because a bladder 
full of air was found to weigh no more than when empty. It 
was forgotten that a bladder filled with water, or even quick- 





md immeiised in the same fluid, voulfl give Jnet tibie 
eume reeult, and wotild aeejan ta weigh no more than when 
empfy* Thia shows how cautious we should be to avoid the 
danger of a false induction, which often, as in this case, 
lurks under an outward appearance of the strictest logic. 
Perceiving the unsoundness of this inference, Torricelli sup- 
posed that the air might have some w'eight ; and thus a new 
and most important condition was added to the facts of the 
case. Discarding the old hypothesis, ^we may suppose him 
to reason thus : — If the weight of the atmosphere is capable 
of supporting a column of water thirty-three feet high, it 
w ill support a higher column of a fluid lighter than water, 
and a shorter column of a fluid heavier than water. Now, 
as mercury is nearly fourteen times heavier than its own 
bulk of water, the same force 
which supports a column of water 
thirty-three feet high can only 
support a column of mercury 
about two and a half feet high. 

In order to test his new hypo- 
thesis, Torricelli took a glass tube 
about three feet long, shut at one 
end; and, having filled it quite 
full of mercury ,r he closed its 
mouth with his finger, and then 
inverting the tube, placed its open 
end in a basin of mercury. 

(Fig. 1.) The finger was then 
withdrawn, and the mercuiy in 
the tube fell a few inchSs, hut 
remained stationary at a height 
of about thirty inches above the 
level of the mercury in the basin, 
leaving the upper six inches of 
the tube a eaouim, which, in 
honour of the mvmtor of this 
experiment, has been named the Terric^lian vaeuvm. Now 
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p;lie cause of the suspension of this mereuiy was rendered 
levident by carrying the whole apparatus up a lofty tower or 
la XQOuntain; for it was found that the higher we ascend 
I (that is to say, the less air we have above us) the less height 
I of mercury is supported in the tube. 

By this capital experiment, then, the old hypothesis of 
^ nature’s abhorrence of a vacuum was ^ ouce and for ever 
set aside, and all the phenomena of suction were brought 
under the beautiful and comprehensive law of atmospheric 
pressure, depending on the weight of the atmosphere. It 
was found that a column of water of any thickness, and 
thirty-three feet high, was of the same weight as a column 
of mercury of the same shape and thickness, and thirty 
inches high. Supposing these columns to be an inch square, 
i they will each weigh between fourteen and fifteen pounds, 

I which is therefore the weight of a column of atmospheric air 
Ian inch square, extending ftom the level of the sea to the 
^ top of the atmosphere. 

Asa natural consequence of this truth, it wa% found that 
I whenever (from any cause) the density of the air varied, a 
4 corresponding change took place in the height of the column 
water, mercury, or other fluid, in the exhausted tube. 
Pascal established the truth of this conclusion so thoroughly, 

I to propose this tube of mercury as a meaftis of estimating 
jbhe heights of mountains more easily than by direct measure* 
aent ; and this method of levelling has now been brought to 
^uch perfection, that heights calculated in this way are found 
t differ by not more than one per cent, from the measured 
lieight. It was also found, on watching the column of 
oercury from day to day at the si^e spot, that its height 
subject to consideiable variations, thus indicating cor- 
|espondiug variations in the atmospheric column. B> mba- 
uring these changes by a fixed scale, the harometer rose into 
xistence ; and, in almost the very same form in which it was 
queathed by Torricelli, it now constitutes one of the most 
nportant of our meteorological instruments. 

12. Should the young student in science be disposed to 
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undervalue Uds great diacovery on account of its apparent 
siuipUcity, we must remind him tliat this constitutes one of 
its chief merits. The laws of nature, when freed from hypo- 
theses, are just as remarkable for their beautiful simplicity 
as the &lse hypotheses have been for their unwieldy com- 
plexity. The most |triking instance of this is seen in the 
planetary system. How different was the cumbrous machi- 
nery of hollow “ crystaUine spheres,’* or the “ cycles and 
epicycles scribbled o’er,” from the simple plan that now 
amuses children ; but it is not more dilBcult to liberate the 
beautiful statue which by a poetical fancy may be supposed 
to lie concealed in the rough block of marble, than to extri- 
cate one of nature’s laws from the mass of crude hypothesis 
which surrounds it ; because all this hypothesis becoming 
mixed up with our real knowledge, and forming part of our 
educatioxi, belongs to our habits of thought, and becomes 
engrafted as it were into our mental constitution, so that we 
cannot think of certain phenomena except by the hypothesis 
which binda them togeth er. What idea have we, for example, 
of the immense assemblage of wonderful and beautiful facts 
which constitute electrical science, unless we ore allowed to 
use the hypothetical term electric fluid, and to suppose that 
this fluid moves in what is called an electric current ? Let 
any one try to think of electricity without the use of this 
hypothesis, and he will feel how difficult, how impossible, is 
t)^ effort. In the same way, if our education in natural 
philosophy had engrafted upon our minds, os an impoitant; 
truth, the dogma that xiature abhors a vacuum, we should., 
regard almost as impious^the attempt to produce a vacuum ; ; 
we should fed that we were acting in opposition to naturalf: 
laws. But sudi men as Torricelli, who are among the lights 
of the age in which they live, do succeed in overcoming the 
strong piqudioes of their education : they strike out new J 
trains of thought for themselves, and bring new territoxietl 
under the dominion man. And in such men there ia | 
always something to admire in addition to their scienti&^j 



OATTSES UHKNOWir.*^ 


17 


JdiBCOTeries. Bo we not feel that our love of nature receives 
additional encouragement and sanction when we know that 
xmx own Newton was good as a Christian as he was groat 
as a philosopher ; and is not our admiration of Torricolli 
exalted when we find him lamenting that his discoveries had 
not fallen to the lot of his master, G-alileo ? 

13. Before the reader proceeds to the study of Natural 
Philosophy, he ought to form a clear idea of what science is 
actually capable of teaching, and what is the limit of her 
pretensions. Now science regards all phenomena as sub- 
jected to invariable natural laws, the precise* discovery of 
which, and their reduction to the least possible number, are 
the objects of inquiry. Science does not deal with the gene- 
‘rating causes of phenomena; she only analyzes with accuracy 
Ahe circumstances of their production, and connects them by 
^relations of succession and similitude. There can be but 
bne cause for the varied phenomena of nature, and that is 
mture’s God. “ The Lord hath made the earth by his 
J)ower, he hath established the earth by his wisdo«n, and hath 
stretched out the heavens by his discretion.’’* Conse- 
;quently, in the operations of nature, de^ti^n, not necessity^ is 
manifest. And here we see another important difference 
between mathematical and physical science. The former 
confines itself to those truths w^hich are true of necessity^ or 
which we cannot conceive to be otherwise. Thus we cannot 
conceive that twice three can be anything else but six, and if 
we take any more complex matliematical truth (for instance, 
that the surface of a globe is four times the area of a circle 
of the same diameter), though thi^may not be obvious, yet, 
by a long chain of deductive reasoning, we can prove it to be 
as necessary a truth as that twice three are six. But phymeal 
facts are true only by design; we could conceive them to be 
jjifTerent. We endeavour to understand the design of a 
bhysical law, and, when understood, we could fancy a dif- 
parent design leading to different results ; hence, a physical 
♦ Jeremiah, x. 10. 
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law ia not a necessity arising from the nature of things, but 
dependent on the ^ of God, for God could easily have . 
given them a different nature ; but, in doing so, He would 
have had a different design. Science, then, no longer busies 
herself, as formerly, about causes either efficient or final, 
since all we can or need know on this head is, tliat the dual 
cause of all phenomena is the design of God, and the efficient 
cause His will. When any phenomena therefore are said to 
be explained or accounted for, all that is meant by this is, 
that they are generalized, or included in a general law — not 
that their causes are better understood than before. The 
object of induction is not to account for facts, but to gene- 
ralize them; not to discover their causes^ but their laws. 
For example, we say that the chief phenomena of the uni- 
verse are explained, t. e, generalized (but not accounted for^^ 
by the Newtonian law of gravitation; because, on the one 
hand, this splendid theory exhibits to us all the immense 
variety of astronomical facts as only one and the same fact 
seen in different points of view — the constant tendency of 
all the particles of matter towards one another in the direct 
ratio of their masses and the inverse ratio of the squares of 
their distances ; while, on the other hand, this general fact 
is presented to us as the simple extension of a phenomenon 
which is perfect!/ familiar to us, and by it alone we consider 
as perfectly explained the gravity of bodies at the surface 
of the earth. But while it explains (t. s. generalizes) these 
phenomena, it can in no way be said to account for them, or 
to, answer the simple question which is said to have led to 
this grand discovery — ^naqjely, why does an apple fell ? Nor 
should we understand the cause of this the more, were gravi- 
tation itself explained, that is, removed from the rank of 
primary into that of secondary principles, by a further step 
in generalization showing it ^ be only a particular conse- , 
quence of a still more general law. 

This important distinction between the useless and now 
abandoned pursuit of causes and the useful pursuit of prin^^ 
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eiples, may be further ahown by another example : — ^It is a 
cx»mmon property of matter to expand by heat and contract 
by cold I a solid, a liquid, or an air, occupies more space at a 
higher than at a lower temperature ; and this is so generally 
true as to become a law of nature. To this law, however, 
there are a few apparent exceptions, which are as much, or 
ev6n more remarkable proofs of design than the law which 
they appear to disturb. For instance, the proposition that 
water expands by heat and contracts by cold is only true 
within certain limits. Above the temperature of 39J® it 
obeys the general law ; at 212® it becomes steam, and the 
steam also obeys the general law ; but below 39^® the law is 
no longer obeyed; it appears to be actually reversed; for 
then water expands by cooling, and continues to do so until 
it reaches 32®, or the freezing point, when it undergoes a 
further and sudden expansion in becoming solid ice. Then 
the general law comes again into operation, for the ice con- 
tracts by cold and expands by heat as other solids do. 

This exception to the general law of expan^on appears 
to operate in the following manner. As bodies contract by 
cold, they occupy less space and become specifically heavier-, 
that is, denser. JS^ow, in the process of freezing, the water 
at the surface being first cooled, becomes heavier and sinks ; a 
fresh portion of water is ^hus brought to the iBurface, becomes 
cooled in its turn and sinks ; the process thus goes on until 
the surface water roaches the temperature of about 89|® 
when, instead of contracting and becoming heavier by cold, 
it begins to expand and becomes lighter than the water 
beneath, so that it remains surface water and forms a crust 
of ice, which protects the water beneath from the freezing 
influence of the air ; for it is another beautiful provision that 
ice and water are very bad conductors of heat. Were it not 
for this very remarkable exception to the general law, every 
layer of water, in cooling, would sink until the whole mass 
of water was brought to the freezing point, when it would 
become solid from the bottom upwards; its inhabitants 
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would be destroyed ; the Heat of suiximer would be iusuffi* 
cient to melt it ; the earth would be covered with glaciers, 
and the cheerful temperate climates would become even 
more desolate than the present condition of the &o 2 ien 
regions of the pede. 

14. Now it is evident in this case that we can refer the 
cause to a design of God for the good of his creatures in 
this planet. Thus the fact is sufficiently accounted for, but 
not generalized. It remains (with a few others*) an appa- 
rently outstanding exception to an otherwise universal law ; 
just as before the time of Torricelli the facts of suction stood 
out as exceptions to the law of gravity, of which they never- 
theless are now seen to be mere consequences. In the same 
way there can be no doubt that when, by an increased in- 
sight into the molecular constitution of bodies, the present 
supposed law of expansion by heat shall be included in some 
more general law, of which it is only a consequence, these 
seeming exceptions to the supposed law, or hypotheeis^ will be 
found to ba mere consequences of the true law, or theory. 
And while this will not diminish our admiration of the divine 
design and foresight, it will greatly enhance our admiration 
of the divine wisdom ; which is displayed far more in thus 

achieving seemingly incompatible ends, by the operation of 

« 

* There are one or two other each apparent exceptions which might be 
regarded as mere cnriotitlea. One of them occurs in antimony ^ a metal 
litde known out of the museum or the laboratory ; and yet, but for this 
property of a certain rare mineral, this little work, now in the reader*! 
hands, would probably nerer have reached him, nor would far more valu- 
able works have effected one tilie of that diff’usion of knowledge which we 
now enjoy. It is by the admixture of a small portion of antimony in die 
lead of which types are cast, that this metal is prevented from contracting 
(like other bodies) as it cools. Were it not for this, the sharp indentations 
of the mould would Temain unffiled, rendering it necessary that each 
individual type should be obasedor carved separately, instead of thousands 
being cast in one mould. Thus the expense of printing would have been 
increased perhaps a hundretHold, and its benefits diminUhed in fiur greater 
proportioii. 
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general laws, than by ordering arbitrary exceptions to them. 
In fact, the necessity for such exceptions in human laws is a 
plain proof of their imperfection, which has to be corrected 
by after-thoughts. l?o impute such defects to the laws 
of nature would be utterly at variance with every notion of 
divine perfection. These apparent exceptions to a natural 
law show that we have not arrived at the true law or theory, 
to which they will be found to be no exceptions, but mere 
results of its operation, guided by divine contrivance ; just 
as the invariable length of a compensation pendulum is no 
exception to metallic expansion; but, on the contrary, a 
result elicited from it by human contrivance, which is far 
better displayed in the invention of such a pendulum, than 
in passing an act of parliament, and then correcting some 
blunder in it by an arbitrary exception. 

15. As this is a point of some importance, it may be 
useful to take another illustration. When one event is 
always immediately followed by another, uneducated per- 
^ns are usually satisfied with the explanation that the Erst 
|is the cawe of the second. Without doing more than just 
glance at such notions as a wet Saint Swithin’s day pro- 
pucing a succession of six weeks’ rain; or the wars of Napoleon 
peing a consequence of certain meteorological and astrono- 
mical appearances in the sky ; let us take an example, which 
is at least free &om the taint of superstition, such as the 
stroke of a bell being the cause of sound. Now the most 
mperficial analysis of these two events will prove them to 
}e only the first and last terms of a series of mere efibets, 

Fig. 2. o 
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between each term of wbicb eeries we may again insert d 
series of intermediate effects ; and this interpolation may 
be continued without end. The blow changes the form 
of the bell from a circle to an ellipse; in which two seg- 
ments are within and two other segments are without 
the circle formed by the rim of the bell when at rest (see 
Fig. 2, 1); this elliptical form being itself the complex 
result of the action of innumerable molecular forces, by 
which it has been ordained that all the particles of the 
solid shall act on each other. The metal, by the further 
action of these forces (constituting what is called its elastic 
city), returns to its circular form with a continually in- 
creasing velocity, which by the time it has recovered that 
form has given it a momentum which does not allow it to 
stop suddenly ; the part which was driven in by the stroke, 
now flies out as much beyond the circle of repose as it was 
driven within it by the stroke, and in doing so draws in the 
two other segments which before were without, thus chang- 
ing the fonh to another ellipse (Fig. 2, 2), whose length lies 
in the same direction as the breadth of the former, and 
which is equally the result of the combined action of all the 
molecular forces. It wdll be understood that the accom- 
pimying flgures^ greatly exaggerate the ellipticity, which is 
in reality so small t^t the derangement of the circular 
shape cannot be discerned by the eye. This action, by 
which two ellipses alternately cross each other at right 
angles, is repeated several hundred times witliin a second of 
time, until the force of the stroke is expended ; each vibra- 
tion having been less than the preceding one, because a 
small portion of momentum is spent in moving the sur- 
rounding particles of air, which are resisted by, and in their 
turn have to move, the next particles ; for all the particles 
of this fluid (like those of a solid) act on each other by cet^ 
tain molecular forces which cemstitute its elasticity. Henee 
no particle can be moved without moving all the surroui: 
ing particles, and any motion (such as that of the beU)| 
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gradually propagated to a greater and greater distance 
UFOund, and distributed through a greater and greater 
quantity of air, till the momentum is divided among so 
many particles, that the motion of each one is no longer 
perceptible. Thus the bell by its vibrations generates a 
system of toaves in the air, commencing with those particles 
in contact with the which in their turn propagate their 
motion to the air around, by moving backwards and for- 
wards, that is, vibrating through a small space, somewhat as 
the waves are propagated in a field of btanding com by the 
vibration of the separate ears. 

Now when we are said to hear the stroke of the bell in 
question, we do so by a process as complicated as that Tivhich 
set the beU in motion, and propagated the aerial \\avo8. 
Some of these waves reaching the outer ear, and agitating 
the air within it, communicate an equal amount of vibration 
to a little membrane stretched across a cell in the head, in 
which ore arranged a series of little bones* the first of 
which, called the malleus or hammer, is attaohed to the 
membrane of the tympanum or dmm of tho ear, as it is 
called, and transmits its motion to a little bone called the 
incus or anvil ; the vibrations travel from this to a minute 
bone called the os orhiculare or rounded bone, the smallest 
in the human body, and from this to the stSpes or stirrup, so 
called from its exact resemblance to a stirrup iron. The 
stapes is connected with a membrane, which doses throe 
semicircular canals filled with water, and lined with an 
expansion of the auditory nerve, which takes up the vibra- 
tions, which the mind then, and nqt till then, recognizes as 
the stroke of a bell. 

Now any one of this chain of events may be called the 
gff^ed of any one that precedes it, or the cause of any of 
those that follow it ; but however immediate the connection 
may seem between one link and the next, we can always 
insert, or imagino inserted, some intermediate link, which 
might be an efiect of the first, and a cause of the second. 
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16. Without attaching any further importance to theoe 
illustratious and speculations than as tending to show the 
vagueness of the terms caitae and ejfhct, and the inutility of 
the search after causes instead of principles, which arc the 
proper objects of physical inquiry, let us now proceed to 
notice some of the most general properties of matter; a 
term which is applied to all those mibht^uices which are 
appreciable by the senses, and of win* the mind can con- 
ceive no two portions to occupy the same space at the same 
time. Hence the two necessary and essential properties of 
aU matter are extent or volume, and im])en€trahhty. 

It is impossible to form any conception of matter without 
allowing it some extent ; for th(‘ smallest conceivable speck 
must have length, breadth, and thickness ; and must there- 
fore occupy a space into which a second speck ctvnnot possi- 
bly enter untH the first has moved away. This is all that is 
meant by the impeiietrahiliiy of matter. 

17. The qtlantity of space which a body occupies is called 
its volume or hulk. The external limits of the volume of 
a body are one or more surfaces; lines or edges are the 
limits which separate the severnl surfaces of the same body 
when it has more than one. The quantity of surface is 
called its area, and the quantity of a lino is called its length. 
The term space Is sometimes applied in this latter sense to 
denote length or distance, sometimes to denote area ; hut in 
physical science it most commonly deuotes volume or hulk. 
The properties or mutual relations of these three kinds of 
BpOice, and the modes of comparing their quantities, belong 
to abstract science ; namely, to that branch of mathematics 
(or the science of quanfttios) which is culled geometry (or 
the science of space). 

18. In the measurement of distances, the natural philoso- 
pher avails himself of the beautiful truths which geometry 
has made susceptible of rigid demonstration, and tlie results i 
brought out are, of course, equally true, whether applied to 
exceedingly small or to vast distai^B. 
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flpijna two lines, reol or imagiTuuy> Of course this can 
c^y pe effected by a graduated are or curved scale^ whidi, 
jb called the Umh of an instrument. Complex madbi- 
neiy, and exquisite contrivance, are used for enaunng the 
eqt^iy of aU the divisions engraved on this limb, and of 
which, in many cases, there are 100 or more in every indb, 
BO tiiat a microscope is required to ascertain which division 
is nearest the index or moveid>le part of the instrument. 
Still, however (unlcBs the instrument were of an unwieldy 
siae), this would be &r from giving the degree of nicely 
required, even in the evexy'day observations of the navi- 
gator, were it not for a most valuable oontrivanoe called the 
which enables us to esti^te spaces 10, 20, or 
even 60 times less than the divisions of the limb, hoTifever 
small they may be. 

As a eemier is attached to every c5mmon barometer (not < 
g whedi barometer), a reference to that household instru- 
ment will enable us to explain the principle of this oontri* 
Taatupe. « 

If QW it must be understood that the scale attadied to tho' 
common vertical barometer actually begins at the level of^ 
the mercury in the cup at the bottom of the instrument, and 
is continued upwards to 81 or 82 inches. (See Fig. 1.)^ 

^ barometw constructed for carrying up in balloons, oi' 
ict ^ fiaimmits of mountains, for measuring their heights b; 
diminution of atmospheric pressure, the whole of tbf! 
In attached ; but in instrummd^s in common use thi 
Uw^ part of the aeale is omitted, the part attached begm{ 
Bomewbmw about the 28th inch, as the mercury nevei| 
teW that mart at or near Ube level of thesea ; andae 
inch ia siibdhvidedr- into tenths, the height of the cdluiox/ 
la inches and tenths is to be aaoertained at a ^^ce; but^ 
of tmitbs, that is, the hundredths of an inch, xequir^ 

• Acai laiicator« Mar Vcniifr, a Freach 

la a in 1631* It Is afwMotm 
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their m little mxmp attentipsi, fbr the 

^greving of niae lines between endb, of those osusUj en** 
ayedf would greatly inereeee the expenee of the iastrumeuty 
requiring a finer matexial for 
I scale, and great care to ensure 
t equality of so many and such 
mall divisions. But the neces- 
liy for these is obviated by the 
emier, which is a little sliding 
cale attached to the sido of the 
urge scale, as represented in 
8. It measures exactly one 
ach and one-tenth in length, and 
I divided into ten equal parts, 
lumbered from the top down- 
wards, while the divisions of the 
aches of the scale are numbered 
a the figure from the bottom 
ipwardflk 

Now, as ten divisions on the 
emier are equal to eleven on the 
cale, and as those ten are all 
qual to each other, it follows that 
aeh division of the former must 
>6 equal to l-^th division of the 
stter, or to of aninck 

berefore, any division on the 
ernier coincidea, or is in a line 
rith a division on the scale, the twodines immediately above 
ir below those which coincide will be separated by adistanee 





xaotly equal to ^ ^ inch: the pair two degrees re- 
aoved from the first are distant from each other ^ 

n inch, and so on. Thus, in the engraving, the line manted 
I on ttie vernier coincides with the line 28*9 on the scale, 
mt the two lines immediate^ above them (marked 5 and 28) 
b not exactly coincides and this want of coincidence musti 
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Crta libe of Ito eawi» wikimAio -^tli 

^ ^ In nesLt two Hmea^ mas^aeA 

4'imi 4 MH .1 Ifc w3il)o seen tlnit l^qr fail to eomoido by <^11 
f^^thaofwjbch, OT<x4o^<>f aaifiicb: inlikexaaimer, tlie 
linoB xoarkod 8 and 29*2, 2 and S^8, 1 and 29*4, and 0 and 
SSHSf deviate from each other reapectively by TiT 5 *l^*> 

x^tha, and yg^baof an inch. The same reasoning will also 
aj^ply to the lines situated below the coincident lines marked 
6 and 28*9 : thus 7 and 28*'8 immediately below them fail to 
eaincide by ^ ^th respect to the 

idhers. The point which the reader has to bear constantly 
in mind is, that a division on the vernier is xi^h bf an inch 
larger i^ian a di^on on the scale. 

In applying the vermer to measure off small fractions d 
an inch in the oscillations of the barometer, we first notice 
the height of the column hy the fixed scale, which in oui 
figm indicates mo^e than 29| inches, or 29*6, but less than 
In order to ascertain how much of the next tenth oi 
an inch is* omitted in this statement, we place the zero, or 0, 
of Vernier scale, exactly level with the top of the mer- 
cury; we next observe, that, out of the eleven lines of the 
remifft, enfy one will coineide with a line on the scale. In 
Otir figure the Jine marked 6 on the vernier coincides with a 
line ihe scale, and as from the top of the mercury to these 
epmetdmt lines there are six pairs which do not coincide, 
vt^iMS each pair deviates by xke^h of an inch more than the 
ppdbr below it, the uppermost pair must evidently differ by 
xfvtha of an indi. We thus arrive at the condusion that 
the brng^t of the mmtuy in our figure is 29k uukea and 
of an inch, or, ex{a*ess6d decimally, 29*66. 

l^lhe dl>ov8 eocamide we have pre&ar^ fiir Ae sake oi 
simplicity, to take the largest <as weU as simplest) case & 
the ap|dica(aoa of Ah principle; but it is obvious that, if thi 
fixed acale be diifUed into twentietbs of an inch, a veniie] 
equal in len|;th te 11 of iheii^ dnirions, and dlvid^ into I( 
parts, would eaabls mi te catty cm our measurement to 
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2Q0th of m mdi; but if the Torum wera A* l»x|p w 21 of 
fixed diraionB, end were diridod into 20 peaHte^ il wenU 
eiieble us to estiiuete the 20t3i of a 2Dtihy or the ffKMb of en 
inch. InthiscaseasmaUlenamightbeiMMeesearfil^^ 
placing the sero (or 0 division) of the 
veituerywith sufficient exactness^ level 
with the top of the mercuiy, and also 
for deciding which tji the ^ paare of 
lines came nearest to a coinddenoe, 
and if this were found impossible, on 
aeoount of two adjacent pairs appear* 
ing both equally ooindd^t, then we 
should btf justified in splitting the 
difference/* thus descending in our 
statement to the 800th of an inch. 

Again, if the fixed scde remain as 
just described, and the vernier be made 
as long as 26 of its divisions, and be 
divided into 25 parts, each of these 
will exceed a division of the fixed scale 
if a 25tb of a 20th, that is, a 500th of 
an inch, and as this is halved when 
two pairs of lines appear equally coin- 
cident, we thus see how, without the 
use o£ any divisions smaller than the 20tb of an 
height of the mercurial column is estimated to ikre^ places 
of decimals, or to thou9andih9 of an inch,* as in most meteo- 
rological registers. 

20. Of course the same prinmple, here applied to a 
scale, is equally applicable to the limb of any astnv 
nomical mstmment. Thus, Fig. 5 represents a perfeion ef 
such a limb divided into spaces of 10', whidh are further 
subdivided by the vernier, which having 60 diviaiona 

* Sadi tt ■mwfMMnt «w isteaM to ba daww fa f%. i, fartjB d 
IfaH Mat aaandi aiwnnd, tow pain appaar to aafaa%-aM faa 
aaadMa^ tM tohaa Sar SMat. »tMi at SliISfa 






of 10V32>^7» 

Bistepiweiited ««• «• 

m mSlioadflg 24' t 

25'^. A m$i instru** 
apiemt of tfak 026 (10 

&di^ Yadiufl) would p T 

{wbdbfymeaomresi^ ' * 

^OAeottids, for, being 
engraved on mlver or 
ihe divi<* 

IIdm wosld geneialiy 
be madeatlei^l^uree 
times se smaliasbere 
«shown. Instead of 
six, there might be 
tw^ty ineach degree, 

(eadi of these 
bmng a vernier 
with 90 £v]ttotis, oor- 
respondlng to 91 on 
tiie Hmb, would suffice 
^ infficstO seconds, 
fiven^' the Obmmon 
‘^^box^s^donts** used 
lb sfwvciyilig, whose 
Wb is less than 8 
inches kmg^ and £« 

Tided into We these degrees halved, said the vemier 
having ^ i^visions enables us to measure single minutes, or 
dvmx hi^mHiW, in a good insl^rument rf its IdndL 
' %at ffir sW measimBtents neither the naked eye nor the 
nake^ hand is siifieWify de&sate to jdace the index or 
wwierin itai^^ fhe eye must be asswted % 

0tvAs»mfp^^ tkB hand with whatdsoriied 
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« ^offiideirBbie mo^to of tlie Iliad mx^' he iMemij 
to move the kdeic tfa3?oiigh » iineU ifioe, ead for this 
poripolie tile k applied m Thasomr 

toiidHier?e thepiirpoiMof 
Bahdivtiion, provided the ipaoes between tM 
of ^ wtm mey be txuido regider. 9lm» 
turn of Ibe ecrew ti^poit He eqE^tbe iaden will advanoe ^ 
recede n Hi Hiiit bietwm im 

threadin and for a hidf or quarter-turn, the advance or 
reoead^ will be the half or the quarter of this interval* It 
is eaaj to determine these quantities, by tracing upon the 
border of the head of the fMirew (enlarged to any extent 
required) a division .of equal parts, which bear a known 
rdation to the principal s^e ; for if this gradatioa of the 
circle be into 100 equal parts, then, in turning the acroK 
one of these parts, the moticm of the index will amount to 
only the part of the distance between tteo two con- 
tiguous threads of the screw. 

It would be impossible here to enter into tfap modes by 
which this meekanical principle is combined with that of 
vernier, and with still more exquisite opHeal contrivances, 
in the use of the various kinds of micrometers by which 
angular measurements are "read off;” but these examples 
Will be sufficient to show, that (with instruments constructed 
and fixed at the expense of nations, and with all the im- 
provements that the accumulated experience of many lives 
could suggest) we need not doubt the possibility of astro- 
nomers measuring the inclination of two given lines (real at 
imaginary) to within ha^^a tesond, or half of the fiOth of the 
fiOUi of a degree. * 

21. Let m now notice some of the methods idopted tat 
the measurement of grei^ distances. For this purpose we 
defer the rea^ to one of the simplest of disktmt 
liacJid, B. YL It is one of the most mibEbi ' 

progerims et tbit whek two of these flgmea have 

Ihshf each to each, they w^ be siimihy te tweh 
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Fig. 6. 



other, differing only in scale. There is scarcely an insianoo 
in science, wliere it is necessary to esHmate the extent of 
magnitudes, in which the measurement is not effected by 
this principle. Suppose it is required to find the exact dis- 
tance of some object T^ig. G, separated from ns by a river 
or an impracticable tract of ground. Two spots, B and c, 
are chosen, the distance between which can be easily mea- 
sured. An angular instrument being then planted at b, tbo 
telescope is pointed successively to the other station o, and 
to the distant object a, and the angle tli rough which the 
telescope must bo nmved, in turning from one object to tho 
other, is carefully measured. The instrument is them re - 
moved to 0, and, by a similar process, the apparent or an- 
gular distance between A and B, as seen from c, is measured. 
Now, if we dra^ upon paper any line such as h e, and from 
its two extremities, set off by a protractor, two other lines, 
making the angle at h equal to that whicli w as measured at 
B, and tho angle at c equal to that measured at c, the two 
lines thus drawn must (if continued) meet at tho point a, 
and they cannot be made to cross at any point either nearer 
or more distant than a ; Vind the small triangle ah c must bo 
equiangular, or similar, to the great one a B c ; so that, as 
the length of J is to that of « c, so is the length of b c to 
that of A c, and, the tliree former lengths being measured, 
the last is found by the rule of three ; or if the line h c were 
drawn to any scale, il', for instance, it contained as many 
inches as b o does chains, then w e may be certain (if light 
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travel in straight lines) that A c measures just as many 
chains as a c does inches. 

But whatever may he ascertained theoretically by this 
method, which is called plotting, or construction (that is, 
whatever might be so ascertained, supposing the drawing 
perfect, and the lines to have no thickness), may also be 
ascertained by trigonometrical calculation; for it is the 
object of trigonometry to compute by numbers everything 
that might be discovered by the intersection of straight 
lines ; and it is needless to say that this numerical method 
is the only practical one, since it is free from all the sources 
of error arising from the thickness, or want of straightness, 
in artificial lines. An angle can hardly be plotted on paper 
to the accuracy of one, or even five minutes of a degree, but 
calculation can bo carried to a second, or to any number of^ 
decimal places. 

22. By an extension of the some principle, we may ascer- 
tain the exact curvature of any part of the earth’s surface in 
any given direction, and hence (by repeating such measure- 
ments in various parts) her exact form and size, ^o under- 
stand how this is done, w^e must first remember that a very 
ordinary degree of attention to the appearances presented 
on travelling over the land or sea is sufficient to show that 
(abstracting the effect of hills on the one, 07 waves in the 
other) their general convexity is very nearly equal every- 
W'here and in all directions ; or, in other words, that this 
planet is very nearly spherical — a conclusion w'hich is 
strengthened by the analogy afforded by the forms of all 
the heavenly bodies, and confirmed by the invariably circts^ 
lar outline of the eartli’s shadow ci&t on the moon in an 
eclipse. 

Admitting the earth’s general form to be nearly globular, 
let e. Fig. 7, represent this general form ; a plane touching 
it at any point (Avithout reference to the particular fonn of 
that part of the surface) is called the horizon of that point, 
4Uid whatever surfiu^e coincides or is parallel with this piano 
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is ciJled horizontal or level (as the surface of a calm liquid), 
while any line perpendicular thereto is called vertical (as a 
plumb-line). Hence it is obvious that these terms ha>e 
only a local meaning ; that no two spots, however near, can 
have their horizons coincident or parallel, as is proved by 
the visible want of parallelism in two parts of the same 
liquid surface, if its extent exceed a mile or two, and con- 
sequently that no two plumb-lines can be perfectly parallel 
unless they be on opposite sides of the earth. 


Fig. 7. 



Now suppose we measure along the earth’s surface from 
the point whose horizon is e s w, or where a plumb-line 
hongs in the direction a e, to the point whose horizon is 
If' b' b' w', or where the plumb-line hangs in the direction 
b e. If we could measure the angular inclination to each 
other of these two horizons, or of these two plumb-lines, we 
should plainly ascertain at once the distance at which they 
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woM meet if continued downwards, or, in other words, the 
radius of curvature of this part of the earth’s surface. IJiit 
to render this inclination (viz. the angle a eh) uppreciahle, 
the two plumb-lines must, even at their lower ends, be many 
miles apart. How then is their difference of direction to bo 
measured ? Only by reference to the heavenly bodies. 
How if from any part of the earth we observe another body 
(a star for instance) in the direction e 1, after two hours Me 
shall see it in the direction e 2, and at intervals of two hours 
it will be successively seen iu the directions e 8, e 4, e? 5, e 0, 
e 7, c 8, <5 9, ^ 10, e 11, d 12, and e 1, having in 24 hours 
appeared to describe a circle round some point in the pro- 
longation of the line e p ; which imaginary line, continued 
indefinitely both w'aj's, forms an axis round wliicli the eartli 
must be supposed to revolve oner* in 24 hours. How we 
must bear in mind that the distance of the stars and most 
' other foreign bodies is so incomparably greater than any 
line we can measure on the earth’s surface that they have 
no parallax, that is, the uniformity of their apparent honrly 
motion is in no way affected by being viewed from various 
parts of the earth, the only difference- of thns viewing them 
being that the axis v J»' is diflercntly inclined to the horizons 
of different places; more inclined, for instance, to the horizon 
N E s w, tlian to k' e' b' w'. How^ tlu5s,c inclinations may 
obviously be measunnl by simply taking the mean of tlie 
greatest and least altitudes of the star in question, as scon 
from each station. Thus, if from the first station ^^o take 
? the two altitudes, n c 6 and K c 1, their ine»an will be the 
angle n e p, which will be the wliatcver star w ere ob- 
Beiwod, and is called tlic latitude of the place whose horizon 
is K B s w. In the same w’ay the latitude of the other place 
f (whose horizon is u' b' b' w'/ w ill be n' e p, found by taking 
^ the mean between th' e 6 and b' « 1. How suppose the two 
piaccB to be on the same meridian, or north and south line, 
their differe’’/?e of latitude thns found is plainly nothing else 
than the inc‘*'nation of the two horizons b e s w and b' k' s' w' 
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or the two plumb-lines a e and h e,* Kcgarding the earth 
then as a perfect globe, il‘ the distance measured were 69 
miles, and the difference of latitude observed were 1°, we 
have only to state this rule of three; if we must travel 
69 miles to make the direction of the plumb-lines vary 1®, 
how far must we travel to make its direction vary through 
360 ? The answer, of course, is 360 times 69, viz., 2J!;840 
miles = the earth’s circumference. But if the etirth be not 
perfectly globular, this will be detected by tlio measured 
length of a degree being different at different parts of her 
surface, or in different directions. Thus the length of a 
degree of latitude is found to be rather greater near the 
poles than elsewhere, and to diminish regularly as wo ap- 
proach the equator, showing the curvature (in a im'ridionnl 
direction) to be rather more rapid at the equator, and slower 
towards the poles ; so that etich meridian is not circular, but 
rather elliptical, the shortest diameter being the earth’s axis, 
as Newton foretold hy deduction from his theorj', long before 
these measurements were made accurately enougli to discover 
it iuductively. As this ellipticity or compression, however, 
does not exceed ^Joth of the earth’s diameter, its effect ou 
the length of the degrees may in most cases be neglectod.f 

♦ This is only one out of many methods which will readily occur to the 
reader. Thus, supl^ose we observe at the tirnt station that a certain star 
passes daily over our zenith ; or, in other w'ords, that our plumb-line e a 
points once every day towards a star, which star appears daily to describe 
the circle a a', whose apparent or angular diameter, a e a', is 84°; the 
half of this, or 42°, is then the star’s polar ilitittmce or co-drclinationf 
and also the place’s co-latitude. But at the second place, the plumb* 
line e b points once a day to a different star, w^hich appears to describe 
the larger circle b b', so that !!ts polar distance v e b is 55°, which is al^o 
the co>]atitude of this second place ; then wc know that their difference of 
latitude is 13°. 

t The measurements of degrees of the meridian, for the purpose of 
ascertaining the size of the earth, have been undertaken in various coun- 
tries with extreme accuracy. The arc measured by the French extended 
from Dunkirk to the southernmost point of the Balearic Islands, including 
12° 22^ 14^, having its centre half-way between the equator and the north 
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Knowing then the dimensions of our globe, w^e may, from 
the observed positions (or latitudes and longitudes) of any 
two spots on its surface, calculate their distemee, either mea- 
sured over the earth’s convex surface, or in a straight line 
through its mass. This latter distance, then, may bo made 
the base of a triangle extending to any heavenly body visible 
from both places at once ; for though the angles of this tri- 
angle cannot be measured directly (because the two stations 
are not visible the one from the other), yet we can at each 
station measure tlie angular distance of the heavenly body 
froTu the eartICs axis^ w^hich w'O have seen to be a fixed line 
whose position can always be doterinined at any spot; in- 
deed it has to be determined before even a sun-dial can bo 
properly fixed. Thus, suppose two observers to be on the 
same meridian, one in the northern hemisphere at c, where 
the plumb-line 1) e makes an angle of 55° wdth the axis p p', 
and the other in the southern hemisphere at d, his plumb- 
line being inclined 21° to the same axis. This he knows, 
because a star in his zenith p appears daily to ^escribe the 
circle p p', w'hose diameter {i, e. the angle f e p') is 42°. 
Their difiercnce of latitude, then, or the angle between the 
two plumb-lines h c and d fy is 180°— 55°-- 2l°=:104°; so that 
their distance, measuring over the surface, is 104 times 69 
miles (the measured length of a degree inbound numbers), 
but their distance in a sti*aight line through the earth must 
be found by further calculation, W'hich will give about 6,238 
miles. It will be plain, also, that the incUuatiou of this line 
to the earth’s axis is half the difference between 55*^ and 

pole. Another survey of this kind was performed by Mason and Dixon, 
on a part of the shore of Pennsylvania, which happens to be so straight 
and level as to admit of a line of more than 100 miles bring measured 
HireeVt/y without Iriangulation, Very long lines have also been measured 
(trigonometrically) by order of the English Government, both at borne 
and in India, the mean result of which makes the earth’s axis 7,898 
miles, 5 furlongs, 16 yards, and the diameter of the equator 7»924 miles, 
7 furlongs. 
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21®, viz. 17®. Now suppose that, on the same day, and at 
the moon’s culmination (which is necessarily simultaneous 
at both places if they are on the same meridian), they each 
observe her polar distance, i. e, the observ^er at c takes the 
angle P c m, while the observer at d at the same moment 
takes p ' d M. Let the former be 88®, and the latter 93° Si/. 
The excess of their sum over 180®, viz. 1° 30', is obviously 
equal to the angle r M one of the angles of our triangle. 
To find the other two at its base c d, wo must, as this base 
is inclined 17° to p p', add 17° to one of our measured angles 
and subtract it from the other. Having thus found all 
three angles, and one side c «/= 6,238 miles, we shall find the 
other sides c m and m to be each about 237,000 miles, 
which is the mean distance in round numbers between the 
earth and the moon. 

When the diatance of a body is known, we can at once 
'find its «t 2 rc, and vice versa, by the simplest application of 
similar triangles. Thus, suppose that a disc 1 foot in diameter 
must be removed to the distance of exactly 110 feet from the 
eye, in order that it may just conceal the moon and no 
more. It is evident that her distance at that moment must 
be 110 times her diameter; so that if the fonner has been 
found to be 237,000 miles, the latter is 2,160 miles. Wo 
shall find, however, that her distance varies at ditltjrent times 
from 1151^ to 103 g tim(»s her diameter, while that of the suii 
varies from 1091 to 105? times his diameter. 

23. But the moon is the only heavenly body whose absolute 
size and distance can be found directly in this way (by 
what is called her paralla^), for in our figure the moon and the 
earth are represented rather too near, so that the angle cud 
is rather too large ; and when it is remembered that the sun 
is 400 times more distant than the moon, it will be seen 
that in his case this angle (or his parallax) would be too 
small to be measured directly. There are mechanical modes 
of finding his distance (by the theory of givivitation), but it 
would probably never have been found by n purely geome* 
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irical method (or apart from all 
theory), had it not been for the aiJ- 
siatance afforded by the planet Venus. 

Qlds planet, aa is well known, can 
never be seen in the middle of the 
night, but is alternately a morning 
star for about 10 months, and an 
evening star for the same period, ap- 
pearing to oscillate alternately to the 
right and to the left of the sun, never 
preceding orfoUowinghim byalonger 
interval than 3 hours. Her briglit- 
ness varies ; when viewed through a 
telescope, this variation is found to 
arise from her undergoing all the 
varieties of fonn and size represented 
in Fig. 8. "When first appearing as 
an evening star (or a little to the 
left of the Bim, as at 1), she appears 
very small, but round, like a full 
moon ; os she proceeds eastward, or 
remains visible longer and longer 
after sunset, as at 2, 3, 4, her si/e 
seems to increase, but her form to 
wane or become gihhous; and when 
she has attained her greatest eastern 
elongation from the sun, as at 5, so 
as to set as late as possible, viz. 
about 3 hours after him, she rosem» 
bles a half-moon; and her rapid in- 
crease in size shows that she is 
approaching directly towards u^. 
She then turns sunward, veiy slow ly 
at first, but with increasing rapidity, 
at the same time increasing in size, 
but diminishing in phase, so as to 
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l)ocomo horned^ aa at (5. Tct the foraier increase exceeds 
the latter decrease up to a certain point, as at about 7, 
where who attaina her maximum brilUancy, as seen by the 
naked vyv. After this, towards 8, her bright crescent, 
though eidarging, bt*comea so rapidly thiniu‘r that she 
appears to gi’ow lainter and fainter, till lost in the glare 
of tlie setting sun. But a few days aft or this, she appeal's 
just before sunrise, having passed from the !<;/}£ to the ri^ht 
of the sun, as at 9. At lirst she is a thin crescent, but as 
she rapidly travels westward (or rises earlier every morning), 
the cn'bcent grows thicker though smaller, until the maxi- 
mum brightness is again attaint'd, as at 10, or 35^^ from the 
sun, atler which the diminution of sizt' more than compen- 
sates for the increase of phase. The motion becomes slow or 
and slower, as at 11, till, at about 45° from the sun, or 
when she precedes him hy three hours, as at 12, she again 
turns sunward, her phase being then exactly half, and her 
diminution of size verj raj)i(l, showing her to be recoding 
directly from us. She then continues to increase in phase 
but diminish in size, as at 13, li, 15, 16, and to rise later, 
till lost iu the beams of the riwing sun. Her disappearance 
this time, however, hehitid the sun’s glare,* lasts live times 
as long as the previous <met when passing before it; and, 
indeed, her wnole eastward passage from 12 to 5 occupies 
about fifteen monthw, while that from 5 to 12 oceupi(‘s only 
five. 

Now’, if her positions at certain equal iuten^als (say every 
month) be laid dowm as in Big. 8, prescnorig Ikt correct 
apparent distJinces fronj the wun, and also li(»r correct rela- 
tive sizes and phases, it will bo iinposhible to resist the 
inference that she travels in a nearly circular orbit round 
tlio sun, and the exact size of this orbit, compared with the 
sun’s distance from us, will be found simply by measuring 
her greatest angular elogation from him io llic right and 

* Technically her superior conjuncimn, 

t Technically her ir{fet hr eonjuncthn. 
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left. T1 iu 3, suppose tlioso Fig. 9. 

elongations to be 45°, thcji 
draw such a diagram aa^Fig. 9, 
where E represents ilie earth. 

Let the lines e v and e V 
make angles of 45° with E s. 

If we draw a circle round tlie 
sun with such a radius, that it 
shall just touch these lines 
E V, E v'f without cutting them, 
this will plainly give the true 
size of the orbit of Venus, which is supposed to be circular, 
compared with the distance between the sun and the earth ; 
and it will be seen that she has ilirce times farther to travel 
from round bi'.yond the sun to t, than from v to v^ 
Every other circumstance also confirms this conclusion, and 
exact observations sliow tliat her distance from the sun is 
never less than *71837 nor more than *72829 of the earth’s 
mean distance from him. Venus’s orbit is more nearly 
circular than that of the earth, though this latter is less 
eccentric than that of any other pLaiiet. 

But it is plain that the earth’s motion round her orbit, in 
the same direction as Venus, but more slowlj, must make a 
material difference in th(*se appearances. It’, however, w^o 
regard both orbits as circular, which is very nearly the case, 
it will be seen that tlie only effect will be to make Venus 
appear to occupy a longer time in running through these 
changes than she really takes to make one revolution. The 
true period is only 22 1 days, while tl^e apparent, as w^e have 
seen, occupies about twenty months, or 5S4 days, viz., the 
time during which the two planets, after starting from a con- 
junction, will come to a conjunction again (as the two hands 
of a clock come together after 1 hour 5 minutes and y*, ), for 
during 584 days the earth has made about ono revolutiou 
and while Venus has made 2^. 

But when we speak of Venus as passing hefore the sun, it 
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must be retnembored that she does not generally pass ex- 
actly before his hody^ but a little above or below,* in couse- 
queuce of the inclination of the plane* of her orbit to that of 
the earth. The various planets and satellites do not move 
in the. same plane; if they did, every conjunction of three 
bodies would cause a transit, occultation^ or eclipse,'^ But 
this cannot take place with the sun and Venus, unless she be 
in her conjunction and at the same time near one of her 
nodes, or points where she crosses the plane of the earth’s 
orbit. Wc are opposite these points on every 6th of June 
and 7th of December ; so that, when Venus is in inferior 
conjunction on or very near one of these days, she will be 
seen to pass before the sun’s body like a black spot. But 
this is so rare an event that it has only happened twice 
since the revival of science. 

The first time this was observed was on the 4th December, 
1639, or 24th November, O.S., not by an Astronomer 
Boyal, surrounded with every means for exact observation, 
but by a young man of tw’enty, furnished with no other in- 
strument than a piece of smoked ghiss. Tliis individual, 
named Jeremiah Horrocks, had by deduction from the true 
system of astronomy (then hardly established), been led to 
expect this effect, which had been overlooked by Copernicus 
and his successors. On the day which he had calculated, ho 

♦ That is, to the north or 90 uth of the straight line joining the ran and 
the earth. Though the terras np and down have no meaning in univerMul 
nature, yet they are constantly used by astronomers (as in the expressions 
atcendinp and descending node), all such expressions being understood 
with reference to a spectator ftanding on the earth's northern hemisphere. 
To rcisidents in the southern hemisphere these terms most be very per- 
plexing. 

f These are only difierent names for the same phenomenon, which is 
called a transit, when a smaller body appears to pass before a larger which 
it is unable to hide ; an oecultaiion when the nearer body is (in appear- 
ance) larger than the other, so as to bide it completely ; an eclipse when 
they are nearly equal, or whenever the sm is hidden from any body by the 
shadow of another. 
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began to watch the sun frotnhis rising 
till the hour of attending Divine wor- 
ship, for it was Sunday, and we are 
told that he did not allow this duty 
to he interfered with by his observa- 
tions. Betw^^een the morning and 
evening service he again w’atched 
the sun, without success. At length, 
towards sunset, the expected spot 
made its appearance, and the truth 
of the new theory received one more 
in addition to its tnany other con- 
firmations. 

He showed that the next transit 
would take place in 1701 ; and as 
this year approached, far different 
preparations were made from the 
smoked glass of Horrockj^ 120 years 
before. It was to observe this transit 
that Captain Cook w^as sent on his 
first voyage to Otaheite, and that 
various astronomers dispersed them- 
selves over differeift parts of the 
world; for Dr, Hooke had shown 
the value of BU(;h an ob8en’'ation as 
the only means of arriving at the ab- 
solute sizes of the orbits of Yenus 
and the earth, and hence determining 
the scale of the solar system, till 
then known only as regarded its 
proportions. 

To understand the principle of this 
measurement, wo must remember 
that tbe relative distances of the 
three bodies were already known, 
that is, the ratio of the two dis- 
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tances a t and v a (Fig. 10) waa known. Let us call this 
ratio (in round numbers) as 3 : 7. The transit was observed 
from two very distant spots on the earth, as A and B ; an 
observer at a looking along the white line, so as to see 
Venus enter upon the sun’s disc at a, and pass across it by 
the lower dotted lijic, while the observer b, looking along 
the dotted white line, sees her enter at &, and pass along the 
upper dotted track. Kow the latitudes and longitudes of a 
and B being known, their direct distance through the earth 
is also known: let us call this 6,000 miles. If a b were 
parallel 'with A B, it would evidently bear the same ratio to it 
that V a bears to v a;”*^ but this ratio is known, 'whence (calling 
it 3 : 7) tlje distance a b h known to be 14,000 miles ; and if 
it be not parallel to a b, their inclination is known and allowed 
for. Thus much had been ascertained before the observa- 
tions, the only object of which was to determine what ratio 
the distance a h bore to the whole diameter of the sun.f It 
was found to be (in tliis case) only about of his diameter, 
'w hich must therefore be 63 times 14,000 or 882,000 miles ; 
and as his distance from the earth varies, as we have seen, 
from 105 J to 109 times his diameter, this distance must be 
from 93,272,000 to 96,432,000 miles. 

• The triangles i V h and A V B being similar, because two straight 
lines that cross (as a v a and b v make the opposite angles equal.— 
Euclid t I. 15. 

t This was found indirectly by simply observing the exact duration of 
the transit at each station, for as the dotted track b is longer than a, it is 
plain that the transit would last longer as seen from b than from a. The 
best result a as obtained from^he comparison of Captain Cook’s observa- 
tion at Otaheite with that of Planmann at Cajaneburg, in Finland. The 
transit lasted about six hours at each station, and fifteen minutes longer at 
one than at the other. The extreme beauty and exactness of this method 
arises from the whole being made to depend on one simple measurement, 
the duration of the transit ; and from this being ascertainable with the 
minutest accuracy, because the moments of internal contact e., when 
the outline of Venus was first or last enclosed in that of the suu, could 
plainly be found to a fraction of a second, or more exactly than my other 
astronomical event, except the similar one of the formadm or m|vtitr9 of 
the ring iu an annular eclipse. 
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Another transit of Venus took place eight years after- 
wards, whick was observed with egual care ; the next, how- 
ever, will not happen till 1874>, and again in 1882. 

24. These observations furnished the scale of the solar 
system, for any more distant body can now be measured by 
its annual parallax, L e,, by its change of place when seen 
from opposite sides of the earth’s orbit, or at intervals of six 
months, alter allowing for its ow'n motion. Thus, the distance 
of the new planet, Neptune, is found to be about fifteen 
times the diameter of the earth’s orbit. But this method 
does not succeed when applied to the bodies foreign to our 
system. The bast* of 190,000,000 miles, furnished by the 
diameter of our orbit, is yet insufficient for erecting a tri- 
angle that shall reach even to the nearest star. The two.legs 
of this triangle seem to bo parallel, nor can the nicest obser- 
vations yet made detect an inclination of 1" between them, 
though even then they w^ould not meet at a loss distance 
than 216,000 times the base, or 7,200 times the whole dia- 
meter of the known solar system. Thus tliese bodies are 
proved to be for no body smaller or less luminous than 
the sun could be seen at all at their distance. 

25. The same principle (commonly e>alled that of similar 

tr tangles'), is thus applied to the measj^ement of great 

distances, is equally applicable to that of very small oues, too 
small to be mejisured by any arrangement of verniers or 
micrometers. The natural j)bi]o8ophcr can estimate so 
minute a distance as the half of a millionth of an inch, w hich 
is the commoncoincnt of Newton’s scale of tlie colours of 
thin plates, or of the degrees of t’.inness indicated by the 
appearance of certain colours (like those seen in a soap 
bubble, or a film of grease floating on w^aber, ortho thin film 
of oxide or tarnish seen on old weather-w orn glass, or on 
metals), for New^ton proved that the colour of any part of 
such a film depends entirely on its thickness ; so tliat it may 
be taken as a measure thereof, wdien w o have once ascer- 
tained the thickness necessary to produce each colour. Such 
measurements as these are not, of coarse, measured by the 



40 


KATURiX PHILOSOPHY. 


baud, nor appreciable by the eye, but tlioy are based upon 
the unerring principles of geometry, and ascertained ivith 
precision by an extension of the reasoning powers far beyond 
the limits of the senses. 

If we take two apparently flat pieces of plate glass, per- 
fectly clean, and press them firmly together, a number of 
beautiful colours will be seen arranged in a certain order, 
and fonning curves more or less regular. The same colours 
may bo seen in several minerals which crystallize in thin 
plates, or laniinfie. The colours are produced in these cases 
by a thin film of air confined between the plates. Now 
the question which Newton proposed to himself was to 
ascertain the thickness of a film of air.necessary to the pro- 
duction of these colours. In order to render the phenomena 
permanent and to produce them at pleasure, this great philo- 
sopher invented the following ingenious contrivance : — Ho 
procured a plano-convex lens, the radius of w^hosc convex 
surface was 28 feet ; and a double convex lens with a radius 
of 50 feet. That is, in the first case, if we suppose a solid 
globe of glass 56 fc(‘t in diameter, a piece of any size, cut off 
from it in any way by a plane surface, w^ould form a phuio- 
convex lens of 28 feet radius ; and, in the second case, the 
globe being ICfO feet in diameter, two such pieces cut ofi' it, 
and placed with their flat sides together, would form a 
double convex lens of 50 feet radius, the convexity of which 
■would therefore scarcely 
be perceptible if ilie lens Kg. 11. 

was small. 

One surface of the 

o 

least convex lens was 
placed upon the plane 
surface of the other, and 
brought together by 
means of tlireo sets of 
screws attached to tho 
edges, as shown in Fig. 11. In tliis way, between the two 
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lenses, plane on one side, and spherically convex, with a 
radius of 50 feet, on the other, a film of air was enclosed, 
without any thickness at all where the two lenses touched 
each other. Fig. 13 shows the tw'O lenses in section, the 
curves of the lenses being exaggerated in order to show the 
gradual increase in the thickness of the film of air. 

On looking down upon these lenses in the natural light of 
day, a number of coloured concentric rings are observed, as 
in Fig. 11. The centre or commencement of the series where 
the lenses are in contact forms a deep black spot, which is 
surrounded by rings of pale blue, w hite, yellow', orange, and 
deep red : this completes the first scries, or alternation of 
colours. The second (proceeding outwards) consists of 
violet, indigo, blue, greenish wrhite, yellow, orange, bright 
red, and crimson red. The third ring, or alternation, con- 
sists of rings of purple, indigo, blue, green, yellowr, and red. 
The fourth series presents rings of purple, bluish green, 
grass-green, yellow'ish green, and red. The fifth and sixth 
rings, each greenish blue and pale red ; and the seventh very 
pale greenish blue, and reddish white. Fig. 12 will give 
some idea of the appearance of 
these rings seen from above ; the 
circularity of the rings leading us 
to infer both the regularity of the 
glass surfaces, and tlie constant 
correspondence of a certain colour 
with a certain tliickness; while 
the peculiar and beautiful law of 
decrease in the breadth of the 
successive alternations (w'hich is 
such as to make the area of each 
bright ring, measuring from the darkest part of one alterna- 
tion to the darkest part of the next, equal) leads us to 
certain very simple numerical relations between the thick- 
nesses that produce the same colour in ftach of the different 
altermitions, or orders of colours, as they are called. 
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Now to ascertain tlie thickness of the fiJm of air between 
the two glass lenses, let o h, Pig. 13, represent this film, 



and let the radius a f of its concave surface be 50 feet. 
Suppose now that it be required to find the thickness n n of 
a ring whose radius is a b. This radius is found bv mea- 
suring from tlje centre a, or the black spot in figure 12, to 
one of the rings of colour ; and we will suppose this radius 
to be one-quarter of an inch. By drawing the chords a n. 
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^ VO ipot a right-angled triangle ; because every triangle 
{ijw A semicircle, if the apex touch the arc and one of the 
the diameter, is a right-angled triangle, and the 
the aper is the right angle. (Euclid, b. iii. prop. 81.) 
S 3 nannor we shall obtain two other right-angled tri- 
0 J) and B 0 D, by dTa^^ ing the line c jd perpendicular 
therefore parallel and equal to A B. 
ivo triangles a o i> and cue are similar (Euclid, 
• iwlm S), and hence the ratio existing between the 
^ue triangle eorrespouds with the ratio existing 
lStViljfc^-*the sides of the other. In one figure, therefore, 
0 B bears the same proportion to o B, as o n does to 
akhTio n B, which is«tlio thickness required. But as A o 
> oiTOOoditigly small compared w ith a £, A o may he accounted 
f nothjaig, and therefore a e and c e arc, for all practical 
utpososf the same. So that as A E or c E is to c n, so is 
> to O or B n ; or as 100 feet : i in. : : i in. : 
f an iuiA, the thickness of the film of air at b b. 

It viH bo remembered that in order to make our fiMil 
iti^liigil^e, it has been nt'cessary to exaggerate the 
irfaee e h, the radius of its curvature, or a r, 
vso instead of 50 feet. It niU be 

tiSS greater the circle, of ^hich ae is the|&u»44|^ the 
^S8 wSt be tlie minute distance n b. 

It ltd’uld be impossible hero to give an idea of tho im- 
of these wonderful measurements ; but this experi- 
ment Iftay be said to have laid the foundation of JBhy^ical 
our knowledge of the properties peculiar to rays 
f lidjh& Wo must observe, howe^er^ that when the space 
etweeji these lenses is filled with water, or any other 
quidi, instead of air, the rings, without undergoing any 
theap Aauge, are diminished in size, showing that a loss 
biclcni^s is necessary to produce any given colour of the 
hove ^ laie in a film of liquid tlian in one of air ; but that 
f9i portion between tho thicknesses, that produce the 
iffereii^ tints, is the some in one substance as in any 
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other. Tn thiH way Nowton proved that when a aoftp 
bubble becomes aufficieutly thin to exhibit the hlaak of 
lirst order of colours, the thickness of that pjirt whseh 
opp(‘ar> bUck is less than throe-eighths of a millionth of an 
inch. 

26. Those examples will illustrate the next ge'iur^l 
petty of matter after its extent and impenetrability ; pau\^d}% 
its divhihilitg into smaller parts, the limit of which has not 
yet boon ascertained. It is extremely probable, hWever, 
from certain ehemioal facts, that all bodies are comp<>sed <rf 
elementary parts, which arc iiidi visible and unaH<^bks 
these are called ato7ns,* Nothing is known of their abiO« 
lute size, except that it cannot possibly exceed certain 
magnitudes which wo may calculate, but of whose extreme 
minuteness wo can form no adequate idea. For exirnipICi 
wo liave just seen that a film of soapy water will, if oorefuUy 
protected from all disturbance, hold together until it has 
be^ ^ duced by draining to the thickness of less than a 
of an inch. Pure water will not hold together 
way ; but the admixture of less than the hundredth 
its bulk of soap will confer this property on the whole of 
the water. Now, in order to produce this effect, it is <*vi* 
dent that thoho must be a portion of soup (at least im$ M-oml 
in every cubi* 2,600,000ih of an inch of the solutionr lltit 
the soap, when dry, occupies less than a hundredth of i< 
bulk of the solution. Therefore a single atom of soap, in th* 
solid state, cannot possibly occupy so much os the hm>- 
dredth of a cubic 2,()00,0(X)ih of an inch ; that is, likot sfi 
much as a 1,757 trillio^ih (l,757,(X)O,()OO,()OO,O0O,O00j^ ) 

of a cubic inch. 

Dr. Thomson has shown that a portion of lead may hi 
rendered visible^ the bulk of which cannot exctKid ihi 
888, 492, 000, 000, 000th of a cubic inch. lie dissolved 
grain of dry nitrate of lead in 500,000 grains of w .tier, 
after having agitated the solution, passjed through it a car 
* Atom, iadivisible, from a, not, and nupofiait to bo cult 
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tsent of* sulphuretted -hydrogen gas. The whole liquid be- 
came sensibly discoloured. Now we may consider a drop of 
water to weigh about a grain, and a drop may be easily 
spi'ead out so as to cover a square inch of surface. Under sa 
ordinary microscope, the millionth part of a square inch may 
be distinguished by the eye. The water, therefore, could be 
divided into 500,000,000,000 parts, every one of which con-* 
tained some lead united to sulphur. But the lead in a grain 
of nitrate of lead weighs only 0*62 of a grain. It is < 
therefore, tliat an atom of lead cannot weigh moti^ 

while the atom of sulphuiT ^ 
the lead was in combination with sulphur, which 
it visible) cannot weigh more than 
grain. 

The size of those very minute quantities of matter can also 
be computed. Thus the bulk of the portion of lead rendered 
visible by the above process is only 
a cubic inch. 

There are many interesting examples in the useful arts of 
the minute subdivision of matter. Gold leaf is only tbe 
290,686th of on inch in thickness, and it would require at 
least 1,600 such leaves placed upon one another to equal the 
thickness of the paper upon which this book printed. It 
is easy to trace the process by which this extraordinary 
tenuity is arrived at. For example ; an ounce of gold is 
equal in bulk to a cube each of whose edges measures -j^ths 
of an inch, so that placed upon the table it would cover 
little more than a sixth of a square inch of its surface, and 
stand -j^yths of an inch in height. Tbe gold-beater hammers 
out this cube of gold until it covers 146 square feet* Now 
it can easily be calculated that to be thus extended from a 
surface of y\ths of an inch square, to one of 146 square feet, 
its thickness must be reduced from ^^tbs of an inch to the 
290,6d6th part of an inch. 

But gold furnishes a still more remarkable instance of tbe 
ex^na^n, and consequent divisibility of matter* The gSl 
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wire used in embroidery is formed by extending gold otop a 
surface of silver. A silver rod, about two feet long, and an 
inch and a half in diameter, weighing nearly 20 pounds, is 
coated with about 800 grains of pure gold. This rod is then 
drawn through a series of holes, gradually diminishing until 
it is stretched to the length of 240 miles, whereby the gold 
has become attenuated 800 times, each grain being capable 
of covering a surfEice of 9,600 square inches. This wire is 
now flatted, the golden film sufiering ^ farther extension, 
and having its thickness reduced to the four or five millionth 
part of an inch. 

In the organic kingdoms the microscope has proved the 
existence of animals so minute that a million of them do 
not exceed the bulk of a grain of sand, and yet each of these 
creatures is composed of organs of nutrition and locomotion, 
as in the larger animals. The dust of the lycoperdon, or 
puff-ball, appears under the microscope of an orange colour, 
perfectly rounded, and not exceeding the fiftieth part of a 
hair’s breadth in diameter ; so that if a globe of any sub- 
stance were taken, having the diameter of a hair, it would ]>e 
125,000 times as great as the seed of the lycoperdon. 

One hundred yards of raw silk weigh less than a grain, 
and a 3,000tl^of a yard, or a 800,000th of a grain, can be 
handled and examined with the naked eye. The thread 
spun by the common spider is much finer than that of the 
silk- worm, and there are spiders 1,000 of which would not 
make up the bulk of a common spider. Their threads are 
invisible except when reflecting the direct solar light, and 
yet it is* found by the microscope that every spider has about 
4»,000 spinnerets, each producing a separate thread, all of 
which are united in one bimdle to form what we call a 
gossamer thread. 

Thus, as far as observation has extended, it appears that, 
however minute a body may be, it is still capable of further 
division ; that is, science has not succeeded in discovering a 
limit to the divisibility of any one kind of matter ^ and yet 
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x^emical facts render it almost certain that such a limit 
exists in efoery kind of matter. 

27. Atoms of matter are held together by an attractive 
force called cohesionj which is greatest in solids, less in 
liquids, while in aeriform bodies it appears to be altogether 
absent. 

The atoms of matter cannot be in actual contact, since 
every kind of matter is more or less capable of compression. 
Heat is supposed to be the antagonist of cohesion ; but how- 
ever this may be, there seems to be some repulsive property 
which prevents atoms or molecules from touching each other. 
The spaces between them are called 

Porosity is a universal property of matter. It is not con- 
fined merely to animal and vegetable structures, but is found 
in every substance that has been examined. A thin slice of 
the hardest wood examined under the microscope is found 
to be fiill of holes or pores, beautifully arranged. A lump of 
marble, granite, or other compact stone, plunged under water 
and placed under the receiver of on air-pump, wiU, on with- 
drawing the atmospheric pressure, expel a torrent of air* 
bubbles, which had been concealed in the internal pores of 
the stone. There is a kind of agate, called hydrophone^ 
which, in its ordinary state, is only semi-tramsparent ; but, 
after being plunged in water, takes up about one-sixth of 
its bulk of that fluid, and becomes nearly as transparent as 
glass. 

The porosity of metals was proved in the year 1661, by 
the celebrated Florentine experiment. The Academicians 
del Cimento submitted a hollow boll of gold filled with water 
to a great pressure, by which the water was made to ooze 
through the pores in the surface of the gold.* This experi- 
ment has often been repeated with different metals with the 
same success. 

Although the porosity of glass and many other bodies 
does not admit of thib proof, yet it is rendered quite evident 
from their expansion by h^t and contraction by cold* We 
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)naj observe that, on the whole, the greatest philosopher 
have all concurred in the belief that the atoms even of the 
d^asest solfds are veiy much smaller than the spaces which 
separate them. Newton even supposed them to be infinitely 
smaller; or, in other words, he regarded them as mere 
mathematical or, as Bosco\dch expressed it, moveable 

centres of attractive and repulsive forces. There are some 
phenomena, however, which seem to indicate that they have 
definite form, and therefore definite sizes. Yet Sir Jolm 
Ilerschel asks why the atoms of a solid may not be imagined 
to be as thinly distributed through the space which it occu- 
pies, as the stars that compose a nebula ; and he compares a 
ray of light penetrating glass, to a bird threaduig the mazes 
of a forest. 

By hammering, or by other means of compression, solid 
bodies can be made more dense^ or, in other words, a larger 
amount of matter, or a greater number of particles, can be 
crowded into a given space. But there is, doubtless, a limit 
to this, — a point at which the cohesive force ceases and a 
repulsive force begins. It has been suggested by Mossotti 
that there might be an intermediate distance, at which the 
particles neither attract nor repel one another, but remain 
balanced in ^at stable equilibrium which they appear to 
maintain in solid and liquid substances. As the particles 
^ not in actual contact, Mossotti supposes each particle to 
be surrounded by an atmosphere of electric fluid ; that the 
atoms of this fluid repel one another ; that the molecules of 
matter tepel one another, but with less intensity ; and that 
there is a mutual attnfbtion between the particles of matter 
and the atoms of the fluid. He also assiunos those forces 
which are known to exist, to vary inversely os the squares 
of the distance. 

28. The eompreasibility of matter is another universal 
property, which is a necessary consequence of its porosity. 
All known bodies can be reduced, by pressure, into smaller 
limits ; that is, their volume esn be diminished without dimi<» 
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, iiiahing their or quantity of matter. Numerous familiar 
examples of tlie compressibility of matter will readily occur 
to the reader. We will give a few which -are not bo 
obvious. 

If a bottle of feesh water be corked up and sunk to a great 
depth in tho sea, the cork will be compressed and driven into 
the bottle, so as to allow the salt water to mingle with the 
fresh. On drawing up the bottle the cork will expand to its 
original dimensions, and again occupy its place in the neck : 
BO that it is necessary to taste tho water to be convinced 
that the cork has been disturbed. Pieces of oak, ash, or 
elm, plunged into the sea to the depth of 1,000 fathoms, and 
drawn up after two *or three hours, have been found to 
contain four-fifths of their weight of water, and to have 
acquired such an increase of density as to indicate the con- 
' traction of the wood into about half its previous volume, so 
> that if thrown into a pail of water they sink like a stone. 

Some of the metals have their bulk permanently diminished 
* by hammering. WJien metals are melted together in the 
i formation of alloys there is often a great contraction. Equal 
bulks of tin and copper are found to undergo a contraction 
amounting to tlie fifteenth part of their whole volume. 

It was long supposed that liquids were incompressible,' 
and the Florentine experiment was urged as^ a proof of the 
assertion. Canton was the first to prove tliem compressible, 
and Oersted has invented a beautiful form of apparatus, by 
, which it was proved that for every additional atmosplicre (as 
it is called, or pressure of 15 lbs. on the square inch), water 
was compressed rather more than 46 milliontlis of its 
volume ; alcohol, 21 ; and ether, 61 millionths of their re- 
spective-volumes. 

Aeriform bodies are those which are best adapted to 
exhibit the property of compressibility. If wc take a metal 
cylinder, closed at one end, and insert an accurately-fitting 
piston into the other, it will be found impossible to force tlie 
piston into the tube if it be full of w ater ; but, if fulj. of sir. 
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the force of the arm is sufficient to drive the piston down so 
as to reduce the volume of air ten or twenty times, if the 
piston be small. We feel the resistance increase in propor- 
tion to the compression ; and, whatever force is exerted, wo 
cannot make the piston touch the bottom of the tube, 
because in order to do that the air must lose its impenetra- 
bility, or, in other words, be annihilated. When the pressure 
is removed, the air regains its original bulk, which is not tho 
case with metals and some other solids after they have been 
strongly compressed. 

26. The force with which most solids and all iluids tend to 
expand when compressed, is one variety of elaalicity, another 
property common to all matter, and* which, in its widest 
sense, is applied to tho tendency its particles have to pre- 
serve a certain distance or position wnith regard to each 
other, and resume that distance or position when disturbed 
therefrom. In fluids this applies only to the distance, and 
not to the position of the particles ; for they have no tendency 
to assume one position in preference to another. Tliia ten- 
dency is the peculiar characteristic of solids; in which we 
accordingly distinguish not only the elasticity of compression 
(common to all bodies), but also three other kinds of elas- 
ftcity not founL in iluids, viz., those of tension, fleacv/re, and 
torsion; for the various ways in which we can alter the form 
or dimensions of a body, may all be reduced to these four 
modes, squeezing, stretching, bending, and twisting; but only 
the first of these is applicable to fiuids. 

In no solid, however, is any one of these four kinds of 
elasticity found to be bcth perfect and unlimited. Ii\ some 
solids, such as glass, they all appear to be perfect, for no 
force, however great or long continued, causes glass to take 
a set, as it is called, that is, a permanent change either in 
form or bulk ; but then this elasticity is confined witlxin 
narrow limits, on exceeding which, is the result. In 

those BoUds wh(^ elasticity (of one or more kinds) is less 
limited, as in metals, or apparently unlimited (as in the 
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flexure of India-rubber, or tbe torsion of a thread), the 
return of the particles to their previous position is only 
partial. There remains a permanent change of form, ^hich 
is called a Bet; as in the compression of metals we have seen 
that thete is a permanent change of bulk. 

In fluids, however, although three of these kinds of elas* 
ticity, viz., those which relate to the position of the parti* 
des, are wanting ; yet the remaining kind, that which relates 
only to their distance, is at once perfect (like the elasticity 
of glass), and apparently unlimited in extent. 

80. We have thus briefly considered those properties 
which are common to all matter when in a state of reet; or 
those which relate only to and require no regard to be 
paid to the clement of time; and it will be observed that 
none of these properties aflbrds the means of measuring 
maee or quantity of matter ; for none of them is invariably 
the same in the same body, so as to enable us to compare 
two bodies and ascertain their ratio, os two magnitudee or 
quantities. The compressibility of matter proves that the 
volume of a body, or the magnitude of space, is altogether 
independent of the magnitude of matter, since the former 
may vary while the latter remains constant^ and we have 
really no means of comparing quantities of matter till wo 
introduce the considerations of time^ motiony and force. 

The science of general mechanics (as distinguished from 
solid mechanics) lias for its object the study of the action of 
forces upon matter. Mechanical forces may be considered 
as motions actually produced, or tending to be produced,* 
without any reference to the nature of the force or its 
generating cause. Hence two forces which impart to the 

, * Bnt w^terer is capable of opposing and nentralizing another force, 
so as to produce equilibriumt must itself be regarded as a force, even 
though it have no tendency to produce motion. This is the case with 
friction and those other retarding causes, which never acting as producers 
or aecekraton of motion, are therefore called f assies forces, or rs^ 
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same bodjr the same degree of speed in the same direction^ 
Sire regarded as identical, whether they originate from animal 
power, a weight descending by its gravity, the impact of a 
heavy body, or the elasticity of steam, &c. Mechanics 
resolves the action of these forces into problems, nhd con- 
siders the effect produced upon a given body by different 
forces acting together, when the simple motion produced by 
one of them is known ; or, inversely, this science determines 
what combination of simple forces will produce an observed 
compound motion. Hence the peculiar province of me- 
chanics is the study of the combination of forces, whether 
by their united action a motion is produced, the different 
circumstances of which are to he studied, or by the mutual 
neutralization of these forces the body is brought to a state 
of equilibrium, the conditions of which have to be fixed by 
Statics, This last-named branch, however, is always studied 
first, being by far the simpler of the two, because the 
element of time is excluded. 

' The most important principle in mechanical science, and 
one indeed which constitutes its basis, is known under the 
name of the princijple of virtual v^locitws, 1 1 is that which 
regulates the ijction and constitutes the efficacy of every 
machine in which power is employed to overcome weight 
or resistance. We may illustrate it in the following man- 
ner. If two weights 
in equilibrium, as in 
Fig. 14, at the extre- 
mities ▲ and B of a 
bar supported on an 
axisff, passing through 
its centre of gravity, 
be made to oscillate 
gently through a small space, it is evident that the spaces 
moved through by the two ends of the bar will he directly 
as their distances from the axis ; for, the angles jl am and 
Ban being equal, the arcs A m and b n, are as their radii 
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« A and a b. Tor instance, if the weight b be 12 pounds, 
Buspended at 3 inches from a, its moment may be expressed 
by the number 86 ; and it will be balanced by a weight of 
6 pounds, 6 inches from a, because its moment is also 36. 
Now if these two w^eights be made to oscillate through a 
small space, such as b for the weight which descends, and 
A in, for the weight which ascends, the Letter space will be 
only half the former, because it bears the same ratio to a n 
(or 3 inches) that a m bears to a a (or six inches). Hence, 
if B M be one inch, a m will be tw o inches, and tlie products 
of these two quantities, with their respective w^eights, will 
be equal to each other; that is, the effect of 12 pounds 
moving through 1 inchi or of 6 pounds moving through 
2 inches of space, is the same. And though we omit the 
consideration of motions, and deal only with pressures, the 
same principle applies to them. Any tvro pressures, howFever 
uncqiial (a pressure of one pound and one of 1,000 pounds, 
for instance), wiU balance each other, il* they arc so applied 
that the motion of the first through 1,000 inches woidd be 
necessarily accompanied hy a motion of the second through 
one iuch, and vice versd. Any means by which this con- 
nection betw'een the two pressures is effected, is called a 
machine, ^ 

31. The laws of motion are frequently cited as illustrations 
of the inertia of matter, a term which is in many respects an 
unfortunate one, since it supposes matter to be by its nature 
essentially inert or passive, and'tliat it is never active except 
under the influence of external forces. The supposed natural 
and i^erent inertness of matter is expressed hy the term vie 
inertia, or force of inactivity, a contradiction of terms, which, 
however, is only apparent, force being the cause, and motion 
the effect produced by it on matter ; so tliat, to say that 
matter is inert or has inertia, is only to say that the cause is 
expended in producing its effect, and that the same cause 
cannot (without renewal) produce double or triple its own 
proper effect. 
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Inertia, however, must not be regarded as a tluggishnesi or 
tendency to rest rather than motion;* but as a total indif- 
ference to either of these states, or a tendency to resist all 
change, either a change from rest to motion, or from motion 
to rest, or a change in the intensity of motion (either by 
increase or diminution), or a change in its direction. Hence 
it has been proposed to replace the objectionable term inertia 
by the term pereistence, implying the tendency of matter to 
preserve its present state, either of rest or motion, un- 
changed ; or, in other words, the necessity of force t6 produce 
change of any kind, either in the velocity of motion or in its 
direction. 

That matter itself, however, is. capable of exerting this 
force and of producing these changes, either in itself or in 
other matter, is obvious from every motion in the heavens or 
the earth. By tile action of the matter of the earth on that 
of a projectile, the velocity of the latter is changed every 
moment, diminished while it is rising, and increased during 
its descent ; and, unless the motion bo vertical, its direction 
also is changing continually like that of the heavenly bodies; 
thus showing that the force which produces these changes, 
both in velocity and direction, is exerted unceasingly, as well 
as universally, ly all matter. The same remark applies to 
the various forces, attractive and repulsive (incomparably 
more powerful than gravitation), by the balance of which, 
the particles of solids are hold together, yet prevented from 
touching (27), and kept at certain distances and in certain 
positions, which it requires enormous force to disturb, even 
to an inconceivably small extent. So, also, in a vast number 

* That matter set in motion has in itself a tendency to be retarded and 
finally to sfop, unless fresh force be constantly supplied to maintain the 
motion, is a vulgar error, which must he discarded before we can apply 
any exact reasoning to the phenomena of motion. All change in motion 
being regarded as the effect of some exertion of force ; whenever re- 
taid^n is obaerved, it must be referred to some opposing force, without 
winch the motion would continue indefinitely. 
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of thermological, electrical, and chemical phenomena, matter 
exliibits varied forms of spontaneous activity, making it 
quite impossible to attach the meaning which is commonly 
given to the term inertia. 

32. The first law of motion, discovered by Kepler, has been 
called the law of inertia. It states, as a general fact, that 
all motion is naturally rectilinear and uniform ; that is to 
say, a body submitted to the action of any single force acting 
instantaneously, mtutt move constantly in a straight line with 
invariable velocity, unless it be compelled to change that 
state by forces impressed upon it. 

33. The second fundamental law of motion is due to 
’ Newton. It rehites to the constant and necessary equality 

between action and reaction ; that is to say, that whenever 
one body is set in motion by another body, the first reacts 
upon the second in a contrary direction, and the second body 
loses a quantity of motion exactly equal to that wliich the 
first has received. By quantity of motion^ however (other- 
wise called momentum or moving forced ^ we must not under- 
stand velocity. This is only the inten^ty of motion, not its 
quantity; for the quantity of any effect is to be estimated 
jointly by its intensity and by the quantity of matter which 
is affected with that intensity. If the intensity of the effect 
remain constant, its quantity must always be proportional to 
the quantity of matter affected;' and, supposing this latter to 
remain constant, the quantity of effect is proportional to its 
intensity.* The momentum or quantity of motion then, in 
two equal bodies, is proportional to their velocities ; but in 
two equally swift bodies, it is proportional to their masses or 
quantities of matter ; and when they are neither equal nor 
equally swift, it is jointly proportional to the masses and the 

*** This maxim is applicable alike to every effect producible on matter ; 
not only motion, but any of those effects which (though conjectured to 
be only particular kinds of motion) are in the present state of science 
necessarily regarded as distinct agencies ; such as heat, light, dectridty 
and magnetism. 
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-velocities, or proportional to the product of these two qnan* 
titles. 

Hence we see that the phenomena of motion afford a 
means, and the only means, of comparing masses or quanti- 
ties of matter. For this purpose we must start from the 
fundamental trutli above mentioned; that in every action 
(that is, every change from rest to motion, or from motion 
to rest, or change in the velocity or direction of a body’s 
motion) there is an equal and opposite effect produced on 
some other body or bodies, — an equal effect, not as regards 
intensity, but quantity. Knowing, tii€‘rcfore, the quantities 
of these two opposite effects to be equal, and observing the 
relation betw^een their intensities, we lea^ from this the * 
relation betw'ecn the quantities of matter affected, which 
must necessarily be inversely proportional to the intensities 
of the two effects.* 

84. The third fundamental law of motion, disoovered by 
Oalileo, leads us to notice briefly w’hat is called the composi- 
tion of forces^ by which is meant, that a body acted on by 
two or more forces at^onco for a gi^ en time, will be carried 
to the same spot .to which it would eventually have been 
brought by the separate and successive actions of these 
forces, each fol the same length of time that they -were 

* This is all thht is meant 'when inertia is spoken of as a property 
common to all matter, and is said to be proportional to its mass ; fur, in 
fact, this so-called property is the only measure we can have of the quan- 
tity of matter. Weighty indeed, is generally taken as synonymous with 
mass or quantity of matter ; but this is not true, for the same mass which 
weighs a pound in London would not weigh three ounces on the surface 
of the moon, and it would ^eigh nearly three pounds in Jupiter. It 
Would even weigh less than a pound at Brighton, and more than a pound 
at Manchester ; but, of course, the diderence could not be found by com- 
paring weight with weight, in a balance, because both weights are increased 
or diminished alike. To detect the dtiference of weight, it must be opposed 
to some other foroe, such as the elasticity of a spring. Two clocks, one 
driven by a weight and the other by a spring, and keeping equal time at 
any place, will no longer preserve tbit equality when both are removed to a 
different latitude, or a different elevation above the sea-leveL 
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mipposed to act together. Hence, any two forces may bo 
jcompounded^ or a new forco substituted which shall be ex- 
actly equivalent to them, for if lines proportional to them be 
made the sides of a parallelogram, its diagonal will, both 
in dirocti(;n and length, represent their resultant or com- 
pounded force ; and, conversely, any force may be resolved 
into two or more forces, together equivalent to it, and haWng 
any directions required. 

In considering the action of several forces in different 
planes, it is found extremely convenient to resolve each of 
them into three portions, acting in three fixed directions, all 
at right angles to each other, os 1, north and south ; 2, east 
and w^est ; and, 3, up and down. But, in considering forces 
in only one plane, it is sufficient to resolve each into two 
directions, one parallel and the other peqicndicular to some 
remarkable object or force. 

Por examples of these laws and of these methods, the 
reader is referred to the treatises on Rudimentary Mechanics 
and Engineering ; but we must here mention one very simplo 
example of the application of them all. 

85. The direction of the reflexion, or rebound of a moving 
body from a fixed obstacle (a billiard-ball from the aide of 
the table for instance), will afford an illustration of all the 
laws of motion, and of the use of its resolutmn and recom- 
position. Let a ball roll along the line a b, Fig. 15, so as 
to strike the ledge obliquely at b. Its 
mo\ing force may be resolved into two equi- 
valont forces, one parallel to the ledge, and 
the other pei'pendicular tlieroto. Jict a b 
be the space described by the ball in an 
unit of time, then a c and a d will be the 
spaces it w'ould describe by the action of 
these two forces separately, each during an 
equal unit of time. Now, if the latter force 
acted alone, it is evidont that the ball would exert no action on 
the ledge, consequently this force adds nothing to the blow. 
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whicli depends solely on the other resolved portion ot tee 
whole force, viz., that portion perpendicidar to the ledge. 
The blow is precisely the same as if the ball rolled along d B 
in an unit of time. It acts then on the ledge with a certain 
force in the direction d b, and the ledge accordingly (by the 
second law of motion) reacts on the ball, with an exactly 
equal force, in the contrary direction B d^ and would there- 
fore send it in an unit of time to d. But, meanwhile, the 
other resolved portion of the whole force, viz. that portion 
parallel with the ledge, remains unaltered either in intensity 
or direction, and as it would, in an unit of time, have sent 
the ball through the space a d, so it would in another unit, 
send it through the space d e. This motion must therefore 
be compounded (by the third law of motion), with the re- 
action of the ledge, which would carry it, in the same unit, 
through B I?, and thus wc shall find that it will, in this 
second unit, describe the line b e, which evidently makes the 
same angle with the ledge, as did the original path of the ball 
A B, This is commonly expressed by saying that the angle of 
incidence is equal to the angle of reflexion; the former mean- 
ing the angle a b and the latter d b e; and though this 
law is only approximately true of moving bodies (owing to 
the resistances arising from their imperfect elasticity and 
other causes which render the reaction apparently not equal 
to the action), yet we shall presently see that it applies 
strictly to the motions of sound, heat, and light, and is there- 
fore of the utmost importance throughout physics. 

36. There is a consideration connected with the third 
law of motion which is important to be noticed, namely, that 
a motion common to all the bodies of any system does not at 
fdl interfere with the particular and individual motions of 
this system. These motions may be carried on with as much 
facility as the system were at rest. For example, if a ship 
be sailing ever so rapidly on a calm river, a stone dropped 
from the mast-head will fall on precisely the same spot of the 
deck as if the ship were stationaiy. It falls in a diagonal 
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line, its motion being compounded of tbe vertical descent 
produced by gravity, and the horizontal motion common to 
every object in the ship. So, also, a watch may be earned 
with great rapidity without interfering with the complicated 
movements of its works ; or an animal may walk or run, or 
fly or swim, without interfering with the motions of circula- 
tion and respiration : and the earth on which we live spins 
round upou its axis from west to east, at the rate of 1,042 
miles an hour (at tlio equator), without interfering with the 
various complicated motions upon its surface, except in modi- 
fying the direction of the trade winds and a few other similar 
effects, which result from the strict application of this law. 
Suppose, for example, a bullet to be dropped from the centre 
of the lantern of St. Paul’s : it would not fall on the point 
to which a plumb-line would hang therefrom, but nearly an 
inch to the ea>st of that point. The reason is this. During 
the foil (which would occupy about 4ii seconds), tbo build- 
ing would be carried eastward, by the earth’s axial rotation, 
through a space of about three-quarters of a mile ; and, by 
her orbitual motion, through nearly ninety miles. It is only 
the former motion, however, w^hich causes this effect, for if 
the building only advanced in a straight line, however fast, 
the stone would fall as it does from the mast-head of the 
ship above mentioned. But by the motion of rotation, it is 
plain that the top of the building describes daily a rather 
larger circle, and therefore moves rather faster than its base. 
Now, the bullet, during its fall, ndains the same forward 
speed which it had at the top of the building, and is there- 
fore in advance of the slower moving^ surface on which it falls, 
by a minute space, w'hich, however, has been measured by 
delicate experiments. 

87. The essential principles of statics and dynamics apply 
equally to fluids and solids, except that in respect of fluids 
there are certain peculiar conditions, such as the property 
which gives them a name, viz. fluidity, fluid pressure in all 
directions, &c., which render problems in hydrostatics and 
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hydraulics more complicated than those which relate to solids 
only. 

It is not easy, in ordinary observation, to realize the idea 
of fluid pressure equal in all directions, since our general 
experience of the weight of a body is simply downwards. 
But the difficulty will disappear w^hen w^e consider that we 
speak only of the equality of pressure in all directions, at 
any one point in the fluid. That each point or particle must 
be pressed equally above, below% and on all sides, is evident 
from its remaining at rest ; for if there w ere an excess 
pressure in any direction, it must move in that direction, 
till it arrives at a place where the surromiding pressures are 
all equal. This equality of pjxjssure in all directions, at any 
point in a fluid in equilibrium, is the fundamental principle 
from which all the reasonings of hydrostatics are to be 
reduced ; and it is the direct consequence of that mobility 
of particles; that absence of any tendency to preser\"e a 
particular position wdfch regard to each other ; which we call 
fluidity. The particles glide over each other with perfect 
freedom, each particle pressing equally on all the particles 
that surround it, and is equally pressed upon by those ; it 
also presses eqi^ly upon the solid bodies which it touches, 
and is equally pressed upon by these. From this property, 
conjointly with*the gravity of the particles, it follows that 
when a fluid is left to itself, 
nil its parts rise or fall, so os 
to settle at the same level. 

Thus, if a large vessel a, Fig, 

16, be filled with water, and 
made to communicate with a 
small vessel b, the connecting 
tube being furnished >vith a 
stop-cock c,* on opening the 
latter the water will rise up 
and fill the small tube, and 
when the motion has subsided, both will be found to settle^^ 


Fig. 16 . 
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on the same horizontal line, ah; the water in jl will sink a 
little, say to the dotted line, and will rise in I to the same 
line. 

88. The principle of fluid pressure, as illustrated by water 
not rising above its own level, is subject* to some modifica- 
tion by the fraction of adhesion^ a force which refers to the 
physical attraction of the particles of dissimilar bodies in 
contradistinctjon to the force of cohesion, which is the 
attraction between the particles of the same body. On 
plunging a body into water, it comes out W'et; that is, a 
portion of water adhermt to it. Now this attraction between 
the particles of a fiuid and those of a solid is supposed to be 
similar in kind, but different in intennty, to the cohesive 
force which binds together the particles of the fluid. 

, This adhesive attraction may be shown by suspending 
from one arm of a balance a thin plate of any substance 
over a vessel of w'ater. As soon as the plate touches the 
water, it vrill require a considerable weight in the opposite 
scale to separate the plate from the water. This weight has 
been taken to represent the force of adhesion, and by using 
plates of different substances, but of the same area, different 
weights arc required to separate them from the water. In 
this w^ay, tables of adhesion have been formed for different 
substances ; but it must be borne in mind 'that in separat- 
ing the plate from the w ater, a film of that fluid is tom 
aw’ay, and that the cohesive attraction of the particles of tlio 
film for the rest of the fluid has first to be overcome. Hence 
the numbers which represent the adhesive attraction of 
different substances found in this way are probably all too 
high. 

39. If tubes of very fine bore have their ends immersed 
in water, the water will ascend in them to a certain height, 
which is great in proportion to the narrowness of the bqre 
of the tube. Such tubes are called capillary, from their 
bore being not much* thicker than a hair, and this form of 
adhesion is called capillary attraction. Examples of it axo 
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very numerous, sudi as tbe ascent of water in a piece of 
lump sugar, the porea of the sugar acting as capillary tubes ; 
the ascent of oil in a lamp, the cotton fibres serving also as 
fine tubes* Sap ascends in plants by the same force ; and 
some idea of its intensity may be gained by fitting a dry 
plug of wo6d tightly into a stout tube of glass or porcelain. 
If a projecting portion of the wood be allowed just to dip 
into water, the liquid will ascend and cause, the wood to 
swell with such force as to burst the tube, although capable 
of resisting a pressure of more than 700 lbs. on the sqiiaro 
inch. 

On placing the extremity of a capillary tube in a vessel of 
water or spirits of wine, the liquid will ascend in the tube 
above the level of that in the vessel, and the surface of tho 
little column thus suspended will be a hollow hemisphere, 
as shown in Pig. 17, a. If the same tube be plunged into 


mercury, the liquid in the 
tube, instead of rising ahove^ 
will be depressed helow tho 
general surface, as shown in 
h. The surface of the mer« 
cury in the tuh^ will be con- 
vex instead of concave. The 
same effect wil\ take place 


Fig. 17. 



when capillary tubes aro 

plunged in water, provided the water cannot wet the tubes, 
as when they are covered within with a thin film of oil. 


w'hich prevents the adhesion. 

The phenomena of capillary attraction and repulsion may 
also be seen in vessels containing fluids. If the fluid is 


capable of wetting the sides of the vessel which contains it, 
it will be raised and become <x)ncave all round the sides, as 


may he seen in a glass of wine or a cup of tea, and as shown 
in fig. a; but if the glass or cup be too full, the absence 
of lateral attraction by the vessel, and the predominance of 
the force of cohesion from within, will give the liquid % 
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tounde4 fonn. If the vessel cannot be wetted by the fluid, 
as when it is greasy, or merciiry be used, the fluid will be 
depressed all round the vessel, and have a convex surface, as 
in fig. b. Some curious appearances of attraction and 
repulsion are produced by the operation of capillarity (under 
which term all effects depending on the adhesion of fluids to 
solids are now included). Two balls of pith or wood, either 
both dry or both wet, floating in water, attract each other 
as they do in all cases when so distant that it matters not 
whether the surface be raised or depressed "where it ap- 
proaches them ; but if one ball be wet and the other dry, 
they repel each other as soon as the liquid surface which 
separates them is curv ed. All these effects liave been made 
the subjects of deductive science, and with great success. 
They have been generalized by Clairaut into the following 
law. If the intensity of the attraction of the solid on the 
fluid be greater than that of the fluid on itself, the fluid 
will elevate itself above the solid ; if it be less, it will depress 
itself ; and if it be egual, it will neither elevate nor depress 
itself. 

40, Water affords a very useful means bf comparing the 
specific gramties or densities of bodies. To understand this, 
we must remember that bodies placed under the same 
circumstances, or attracted by the same body and at the 
same distance liom it,* gravitate thereto with forces propor- 
tional to their masses ; so that the loeiglUs of bodies at the 
same spot on the earth’s surface are proportional to their 
masses (as measured by inertia). The simplicity and gene- 
rality of this fact causes it to be often passed by as too 
evident to need demonstration, whereas it is by no means 
self-evident, but a matter of very nice experiment and 
observation. For this purpose, Newton made a hollow 
pendulum, in the bob of which he enclosed successively 
equal weights of various substances, as metals, stones, 
* The iame distance from its emirs qf mast, or estUre qf graeitg, as it 
is likewise called, and not from its surface. 
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iroodB, Ac. Now, if tliese equal weights had been undqtial^ 
in mass (or inertia), they would not have caused the pendu- 
lum to oscillate always with the same rapidity, as it was found 
to do. It is a consequence of this law, tliat all bodies, whether 
light or heavy, fall (at the same place, and abstracting the 
resistance of the air) with the same velocity, as shown in 
the well-known experiment of the guinea and feather in 
vacuo. But the best proof of this very simple law is ob- 
tained from the heavenly bodies ; for, if all the planets did 
not weigh sunward with weights proportional to their 
masses (after allowing for their different distances), their 
periods would not be as the square roots of the cubes of 
their mean distances, w hich is well known to be one of the 
invariable laws discovered by Kepler. Now, this proof of , 
the proportionality of weight to mass is the more remark- ^ 
able, because the masses of these bodies are very far from 
proportional to their bulks. Thus the sun is 1,333,000 , 
times larger than the earth, but only 354,936 times heavier ; 
whence it follows, that he is little more than a quarter so 
dense; and the densities of the planets differ prodigiously, ' 
Mercury being nearly as dense as gold, while Saturn has 
hardly half theadensity of water. 

The mode of comparing the densities of terrestrial bodies 
has been given in Budimentary Mechanics (173). 

41. The equality of fluid pressure, as noticed in liquids, 
is also one of the most striking and beautiful properties of 
the atmosphere. It has already been shown (11) that a 
oolumn of mercury, 30 inches high, whose horizontal section 
is equal to a square in<^, represents the weight or pressure 
of a column of the atmosphere resting on a square inch and 
extending upwards to the limits of the atmosphere in space, 
a height which has been calculated at about 45 miles. Now, 
as a column of mercuiy such as we have described weighs 
14J pounds, and the atmospheric column balances this pres-V 
sure, it follows that all beings and objects situated at the,': 
bottom of our aerial ocean experience a pressure of 14| ; 
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poundB on every square incli of Burface* The tody of a 
man of ordinary stature undergoes a pressure of no less 
than fifteen tons from this source, and the reason why he is 
not inconvenienced by this enormous force is the equality 
of its pressure, both without and within all the minute 
vessels of which every organic structure is composed. A 
sponge plunged to the depth of 33 feet in water bears 
double the atmospheric pressure, and at 1,000 feet deep 
about 30 times that pressure ; yet its most delicate struc-’ 
ture is not injured, nor its motions impeded. We become 
painfully sensible of tbo atmospheric pressure on removing 
anyj)art of it from the surface of the body. Por example, 
if we place the broad end of a stout glass, Pig. 18, open at 
both ends upon the table of an air-pump, and 
dose the upper end with the palm of the 
hand, and then remove some air from the 
glass, the hand is held down by the weight of 
the atmosphere, and the effect is painful if 
the vacuum is tolerably perfect. 

The pressure of the air is a consequence of its weight, 
100 cubic inches at the temperature of 60°, and w'hen the 
barometer stands at 30 inches, weighing neariy 31 grfims. 
Any causes which tend to depress the barometer, while the 
temperature remains constant, will of course diminish the 
weight of a given volume of air. At the height of 18,000 
feet above the level of the sea, the barometer would stand at 
15 inches, because we should then have ascended above half 
the atmosphere. At the height of seven miles, the mercury 
would stand at 7^ inches, when tljere would be still one 
quarter of the atmosphere at a higher elevation, because its 
upper ports, having less weight to bear, c^paiui into far 
greater space. Bare as the air in which wo live appears to 
be in comparison with liquids or solids (for the air is more 
than 800 times rarer than water), this habitable stratum 
must yet be regarded as enormously compressed by having 
to bear the whole moss of the atmosphere above it, fqr from 


Rg. 18 . 
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the sea-level to an elevation of 3^ miles there is os much air 
as in the remaining 41 or 42 miles to which the atmosphere 
is supposed to extend. 

A barometer situated at one spot on the earth’s surface 
is liable to variations in its height. In our own country the 
mercurial column oscillates between about 28'3 and 30*8 
inches, the causes for which are studied in our treatise on 
Pneumatic^. 

42. The elasticity of the air arising from the repulsive 
force of its particles is necessarily equal to the compressing 
force which it balances. Thus, any confined portion of air 
exerts against the whole inner surface of the containing 
vessel, exactly the same pressure which an equal surface 
would receive from the weight of the external atmosphere, if 
exposed thereto, namely, a pressure of 14 J lbs. on every 
square inch. K a glass vessel, Pig. 19, with square sides, 

^ full of air, be sealed up, and put under the re- 

ceiver of an air-pump, the elastic force of the 
enclosed air will burst the vessel to atoms when 

If r / 1 from its outer surface is removed. 

The external pressure of the air exactly balances 
the inward pressure, so that on removing the 
former, the latter acts with full effect. 

43. The air is the medium by which sound is propagated 
to our ears. We have already (15) given some general 
notions of the mode of its propagation, and shall enter further 
into the subject in our treatise on Pneumatics. It is neces- 
saiy, however, in this place, to notice a few particulars re- 
specting the laws of soynd, for the purpose of illustrating 
some remarkable facts respecting which will presently 
be considered. 

The motion of sound through the air is at the rate of 


about 1,125 feet per second at the temperature of 62®. At 
the freezing temperature, when the air is denser, it is only 
1,089J feet per second. The method of determining this 
velocity is to watch the tune that elapses between the flash 
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and tho report of a gun fired at the distance of several miles 
from the observer. As light ti*avels at the rate of nearly 
200,000 miles per second, its passage occupies a portion of 
time too small to be measured in smy terrestrial distance. It 
may therefore bo supposed to be seen at the distance of 
several miles from the observer at the very instant of its 
production. If, tlierefore, an observer at one station begin 
to count seconds on ah accurate dial, tbo moment he sees 
the flash of a. gun at anotfrer station, say ten miles oflT, the 
number of seconds and iractions of a second which elapse 
between seeing the flash and hearing the report will give a 
divisor for the nuinl)er of feet between the two stations, and 
the quotient will represent the velocity of sound in feet per 
second. 

4i. All sounds, whatever their intensity ^ whether the 
noise of a cannon or fi 'whisper ; wdiatever their pitchy whe- 
ther from the diapason organ-pipe or the chiq)mg of a 
crichet ; and whatever their quaVity^ whether the finest music 
or the most grating noise, all travel with the same amount 
of s^jced. 

It has been already stated (15) that when sound from 
w'hatcvor source is propagated in air, waves^ are formed 
siiuilai* in character to those which may he so beautifully 
stud it'd when the wind is blowing over a field of standing 
corn. Xow', w'hen it is said that soiuid travels at the rate 
of 1,125 feet per second, it is not meant that the particles 
of air move through that distance any more tlian the ears of 
corn travel from one end of the field to the other; it is only 
Wic' form of the wave w'hich thus travwJs. So with tlie parti- 
cles of air: their individual movement is confined within 
narrow limits ; but the cifect of this movement is propagated 
from particle to particle with the rapidity of 1,125 feet per 
second, wldch, although it would be thought very rapid for 
a motion or the transfer of a body (being about ten times 
faster than the most violent West-India hurricane), is yet 
veiy slow for the communication or transfer of motion j for, 
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if we pull or push one end of a solid rod, or the liquid filling 
a long tube, the otlier end appears to niov^o at the same 
instant; and although this motion of motion must occupy 
time (unless the body were perfectly incompressible), it is 
much more rapid in these cases than in air. which, on 
account of its great compressibility, is one of* the slowest 
conveyors of sound. Every one must have observed that 
vibration can be difi*a8ed through a long mass of metal or 
wood, so as to be heard at a greatt^r distance than through 
air; but in this case, if the sound bo loud enough to ho 
audible through the air also, it will he heard twice, first 
through the solid, and then through the air. Iron conveys 
sound about 17 times faster than air, woods from 17 to 11 
times, and water 4i times aster than air. 

45. When waves of sound meet a tolerably smooth fixed 
surface, they are reflected according to the law of equal 
angles of incidence and reflection already noticed (35). In 
this way echoes arc produced. Between two parallel surfaces 
a loud sound is reflected backwards and forwards, and several 
echoes are audible. Six may be heard between Carlton 
Terrace and tlie Birdcage W^aJk, in St. James’s Park, 
London; fourteen between the steep banks of the Avon at 
Oliffon, and as many under Maidenhead railway-bridge. 
‘WTicii the jfeirallel surfaces are much nearer together (as 
the walls of a room), although a large number of echoes are 
produced, they follow each other too rapidly to be distin- 
giiisljcd; and as they reach the car after equal intervals, 
they produce a musical note, however mm ms leal the original 
noise may have been. , Hence all the plienon)ena of raverhe- 
ration. The pitch of the note depends on the distance 
between the two w'alls w^hich cause it, and may be calculated 
therefrom. 

A noise may also produce a musical echo by being re- 
flected from a large number of surfaces receding equidistantly 
from the ear, so that the sound reflected from each may 
crivo successively at equal intervals. If we stamp near a 
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long row of palisades, a shrill ringing will be heard. A fine 
instance of the same kind is said to occur on the steps of the 
great ])yramicl. ]f tho distance from edge to edge of each 
stop were 2 feet 1 inch, the note produced w^ould be the 
tenor c, bccaOso each eclio (having to go and return) would 
be 4r f(Hjt 2 inches later than the previous one, which is tho 
length of the weaves of that note. But as the steps gradually 
diminish in size upv^ards, the echo, if produced, and heard at 
the bottom, must gradually rise in pitch. 

40. 'Wg have tliiis glanced at those phenomena which 
, have been generalized by the discovery of the laws of 
^-dynamics, or which arc reducible to the single principle of 
ruotiou produced in matter possessing invariably the foUow- 
vxng properties, namely, extent^ impenetrabilityy elasticity, and 
^^eiyht. In our treatises on Mechanics and Pneumatics, we 
. propose to enter more at length into these important sub- 
. It was nccessa.r}^ to reserve a considerable portion of 

on>‘ space for tl)c consideration of those agencies w'hich, 
'alr,iough mutuall}" convertible into, or producing and pro- 
i dueod by, mechanical force, liarc not y('t bc^en brought 
under the dominion of nicchanical laws. We have now to 
direct the reader’s attention to changes in matter, which 
have not yet been proved to come under the general prin- 
ciple of change of gtlace ; and it has only been after much 
induct ivn rc'asoning that Sound has been proved to he a 
particular case of wot ion, and has thus been made a branch 
of mechanical science. The actions now to he considered 
are varieties of force, indeed, and the force expended h» 
constantly found to be jointly propoistional to tho intenr.ity 
of efiect and the tpaiitity of matter affected; but those 
effects have not been proved to ho merely ^aric^ies of mo- 
tion, although the complete 'reduction of all the phenomena 
of sound to that principle renders it probable that Ueaiy 
l-ight, Magnetism, and Electricity will hereafter bo referred 
thereto with equal rucccss. 

47. The whole of the material world is under the influence 
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of lieat^ and all scienlific investigatioim are more or less 
inliiieneod by 1.his woiHlorful and mysterious agency. In 
its ordinary sense, tlio term heat is used to denote a quality 
otherwise called hujh lempe^'ature^ the reverse of cold or loio 
tem^'icraitiye. In a scientific sense, the term heat or caloric 
is used to denote that suhstance or action which, by its 
greater or less abundance, or intensity in matter, produces 
effects which are also expressed by the terms high or low 
temper (dure. 

The nature of caloric being a matter of pure hypothesis, 
it is iiecessaiy io receive with caution the terms used in 
referring to it. "When we s])eak, for example, of a portion 
of calorie as of a quantity that may be added, subtracted, 
multiplied, or divided, conducted through a body, ahsorhed 
by another body, and again evolved or emitted^ radiated, 
rejlecied, conveyed, &c., tlieso terms must be taken as con- 
venient modes of denser i bin g facts, not as explanations of 
facts. All these oxprc'ssions arc just as aj^plicable to a 
force, an actioji, or a motion, as to a substance. A motion 
of vibration, for example, juay vary in intensity so as to be 
treated like an arithmetical quantity, aud may be propa- 
gated from p^aco to ]dace in any of the above modes, or 
undergo any ^of the modifications implied by the above 
terms. 

In order io render facts intelligible, we may suppose heat 
to consist of matter of extreme tenuity. We know that tho 
most delicate balance is unable to detect a change of weight 
in a body either by the addition or subtraction of heat, 
The particles of this fluid (if such it be) must be enduec 
with indefinite self-repulsive powers, and thus diffusing 
themselves between the atoms of other bodies, and tendin, 
to force those atoms asui^der, thereby oppose and balanc 
thc) force of universal attraction or gravity which tends t 
bring them together. 

Heat may also be regarded as a vibratory or oscillatir 
motion of each particle of matter, varying in extent ai 
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velocity, but perpetually maintained by every particle oi 
every body in nature, and consiaritly tending to equalize 
itsell‘ by communication from particle to parti<*le, and also 
from body to. bod}^ even through the greatest distances, by 
means of waves propagated tlirougb tlio eiher or fluid 'which 
optical and astroiioiuical facts render it probable fills aU 
space not otherwise occu{)ied by maiorial atoms. 

Many of the jdienoniena of heat arc equally well described 
by the langiiag(^ of eitber of these hvj)ot}ie.ses ; oiher facts 
are more iutclligible by one mode of viewing tliein rather 
than by the otlu r, and some seem to require a union of both 
suppositions. It is not, liowever, necessary to attach our 
faith to citlior hypothesis in order to understand the varied 
and beautiful elfects of beat. 

48. The mt)st familiar eih'cts of heat are included under 
tlio general lerm chaurfc of leiPperaturo, which implies, 
the production of cendain animal sensalions known as heat 
and cold ; but as a decrease of temperature below a ccTtain 
point destroys organic lif(‘, wJiLlo too great an increase of it 
destroys both lile and organ izatii»n, this test of change of 
temperature is con lined to a comparatively small range, and 
is idso too vague to admit of a comparison of temperatures 
even within this range. But change oi‘ temp^Mture implies, 
secondh/, a change in the relative intensities of the attrac- 
tive and repulsive forces of tlio particles of all bodies, in- 
organic as well as organic. The tendency of all bodies, at 
tlie same temperature, is to occupy a certain amount of 
space ; and this tendency can only be accounted for by 
supposing, that when they fdl this space c.Kactly; their 
particles ore in equilibrium between at least two forces, ono 
tending to bring Ibem together and the other to separnto 
; them, which forces must vary according to diflerent functions 
of the distance bed ween two particles ; so that there is only 
one distance at v hich these forces can be balanced. "When 
' the particles are nearer than this, the repulsive force pre- 
ponderates, and when Ihrther apart, the attractive force is 
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strongest. Now, a change of temperature iinj)lies a change 
in the rate of variation of one or both of these forces, and 
consequently an alteration of the distance at uhich th(‘y 
balance each other, and therefore an altcmlioii in the 
amount of space winch the wliole body tends to occupy, or 
which it will occupy, if not prevented by surrounding bodies. 

This may he a circuitous method of stating the well- 
known fact, that ‘‘all bodies expand by heat and contijict 
by cold;” but this common expresbioii does not correctly 
represent the fact in all its generality as aj)|)licd to tlio 
solid, liquid, and gaseous stale of matter; because if we 
take the gaseous state, which is most atVected l)y change 
of temperature, the gas under examination must of coin*fse 
be eontlned in a vessel of some kind, or wo coidd not be 
sure of its identity. Hut it is the distinctive property of 
this kind of matter always to fill the vessel in which it is 
confintd, liowcvor small the actual quantity or wc'iglji ortho 
gas may be. If it he hoati*d, it cannot expand, for it already 
fills the vcss(d; if it he cooled, it d(U*s not contract, for it 
still fills the vessel and presses against its inner surface 
even at the lowest temperature. If then it be said that 
this portion of matter, under these cirenmstances, (*xpands 
by heal and contracts by cold, such is not the case, for 
it alw’ays maintains the same bulk. If it bo said that it 
to expand by lieat and tocoiiirnet by cold, such is also 
not the case, because it always tends to expand, as is proved 
by its alw'ays pressing against the whole inU'rior'of tlu^ 
vessel. All that can be said in strictness is, that cliange of 
temperature alters thc*relation between the attracti\c and 
repiilsive forces of its particles, and therefore alters the 
distance at which those partiedes would remain in equili- 
brium, neither attracting nor repelling each otlier. 

49. In all inquiries into the effects of heat, it is necessaiy 
to attend to the following rules respecting tlio application of 
the term Temperature : — 

I. If a body subject to no pressure, or to a constant 
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pressure, have at two different times the same biAk, it is said 
on both occasions to have tlie same temperature. 

II. Two bodies arc said to have the same temperature if, 
being kept in contact, the temperature of either remains 
unaltered by the action of the other. 

III. When bodies of different temperatures are in contact, 
the temperature of the hotter body decreases and that of the 
colder increases, till they become equal. 

IV. If the bodies be equal in mass or in weight, and of 
the same substance, the increase of tbmperature in one will 
be e(|ual to its decrease in the other. 

Hence it will be seen that differences of temperature are 
ineasui-able and coin]:)urablc with each other, quite iudepen- 
' dently of change of bulk ; that is, without using the latter 
as a mecuture of temperature, but only as a test by which 
change of teinpcrature is detected. 

In this way it has been discovered that the same incre- 
ment (not equal increments, as from 40® to 50®, and from 
, 50° to 60®) of temperature causes all masses of the same 
substance to expand in the same ratio to their whole former 
bulk ; but this is by no means the case with different sub- 
stances, as is obvious by looking at a common thermometer, 
an instrument for measuring clianges in the bulk of a mass 
of liquid contained in a glass vessel of such a form, that 
changes, very small coinj)ared with the wliole bulk of the 
liquid, may cause its surface to rise and fall through a con- 
siderable space. Now, this could not he dojie if the glass 
and the measuring scale, in undergoing the same changes 
of temper^^ture as the liquid, cxpej;:'ienced also the same 
change of bulk ; for, if such were the case, the liquid surface 
would always remain opposite the same degree on the scale. 
The value of this simple instrument, therefore, depends on 
the fact — tliat liquids are more expansible than solids. 

But it will further be seen that the ratio of the change of 
bulk to the irkole bulk is different for every different sub- 
gtance, when the change of temperature is the same in all. 
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It is necessary, however, to guard figainst a very common 
error respecting the relation between tcmjicraturcg and the 
numbers by which they are represented j luiiiicly, the degrees 
of the thermometer. 

Although the differences of temperatures are known and 
comparable quantities, yet their ratios arc not so. "We can 
compare them by addition and subtraction, but not by mul- 
tiplication or division. We cannot say, “ This temperatuj'o 
is so many times that^" because wo do not know the i-cal zt'ro 
of temperature ; that is, we do not know wliat is the smnlk'^t 
bulk into w'hieh a given body is capable of being coiulen';ed 
by cold. We cannot therefore say, “ This bt^ly exceeds its 
minimum bulk by twice as much as that body exceeds its 
minimum bulk;” or, in othtT words, Thishody is twice as 
hot as that;'* for although tlie teinperaturt* of one body 
may be 80°, and that of another 40°, these numbers are 
only reckoned from an arbitrary zero or starting-point, 
adopted because the real zero is imkiiown. But although 
W'e cannot say that a has twice the toin])crature of n, we 
can say that the temperature of A exceeds that of b by twice 
as much as the temperature of c exceeds that of n. 

The first question, tlicn, regarding the relation of ex- 
pansion to temperature, is — Do equal diliereuccs of tem- 
perature cause the bulk of a body to vary by eqiuil difl’er- 
ences ?” This question had to be settled before it could 
be knowm whether the common thennomotor (iho scale of 
wdiich is divided into equal parts) measured difiVrcnccs of 
temperature correctly. Bor this purpose, Dr. Brooke I'aylor 
heated two equal weights of water, one to 200° and the 
other to 100°, and, on mingling them together,, be found 
them to indicate exactly 150° ; therciby show ing that eqmil 
differences of temperature cause equal differences in the 
expansion of mercury; or rather in the excess ol* its ex- 
pansion over that of glass, which is clearly all iliat tho 
thermometer can measure. 3Iore accurate exj)erinieuts, 
however, have shown that this rule docs not €;sact'ly apjuy 
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any solid or liquid, but only to gasesn When equal massos 
dF the same liquid, at different temperatures, are mixed, 
their combined bulk becomes a very little diminished. 
Liquids, tliA’eibre, insiead oF (‘xpanding by equal incre- 
ments oF space lor ecjual increuKMits oF temperature, expand 
faalrr as the ii'inperature iiicToases equably ; and it aj)2)ears 
that th(* eorreetiiess oF the uiercurLil thernumieter obserxid 
by i)r. Lroolvo Tin lor ^vas the result oF a Fori unate coin- 
cidence, by t^hich the ex 2 )auhioii of the glass, vhich is tery 
small compared with that of the mercury, exactly coinpt n- 
sat(‘d the increasing rate of the latter. This howoxer, 
wouiil not be tlw' case with tin rmometei‘s eoiistriicied wiui 
other liquids, for their rales of expaiiMon increase more 
rapidly than that of luereurx. Ileiiee s^'irit thermoinetc'. s 
Ciinuot be dt'peinh d on for tenq)eratur(‘s al)o\o the atmo- 
spherie range (or aho\e lOtr;. 

The rate of e\j).n\si(»n in s did is also found to ineri'ase 
as tho> hecome hotti r ; hut it is more equable than that oF 
liquids. IJl^tnllllents for measuring lia^ txpausion of soli U 
are called 2>yvome(eritj\o distinoiiish tiumi From thennonH*- 
ters, which im asure the (‘\pauaon of liquids and airs. The 
measurement of solid t'xjxinsion is, how(*Y(T, by fai* the mort' 
delicalii and dillicult, not onlj From its Miialler amount, but 
because we cannot measure at once the w hole ctiblcal inerea >(» 
or ejrj)aii6ioUj but only the increase oF one linear dimension, 
that is, the elouyaiion or ddatuiion. As s(dids do not in 
gi'uoral alter their form by cliange of temperature, all the 
dimensions increase and decrease in the same ratio. Tho 
only known exet'plions to this an' aljprded by rryftfaJs. 

50. The til-.! effect of heat t>u solids is expansion. If, 
how'over, tile heat be more energetic, the solid is n^solved 
into a liquid. The liquefiu'tion of some solids is gradual; 
they pass through xarioiis degrees of sol’tiiess ; hut in nian \ , 
2 )eriia 2 )s in most eases, there is no intermediate state b^- 
tweej ptTfect solidity and perfect iluidity: the solid is 
healed up to a certain ^loint, at which it remaiua solid; but 
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a very slight increase of heat is then sufficient to liqticfy a 
portion of it. Now, it is an important fact that the same 
substance always passes from tlie solid into the liquid state 
at precisely the same temperature, and this is called its 
melting point if it bo above, freezing point if below the 
medium atmospheric temperature. 'IMms the molting point 
of ice, or the freezing point of water, is 32° on the scale of 
Fahrenheit, used in this country; but it is made llie zero or 
0° degree of the continental scales. The freezing point of 
mercuiy' is about 70° Fahrenheit lower tlian 32°, and is 
tliercfore called — 38° (minus 38°), or 38° below zero, a 
degree of cold which iii England can only bo produced arti- 
ficially. By the same means almost every other body that 
is liquid at common temperatures has been rendered solid. 
On the other hand there are very few solids wliit'h liave not 
been melted by artificial heat, or by that of the sun concen- 
tratfed; and each one has its fixed and unalterable melting 
point. Thus, tin melts at 412°, lead at 501°, zinc at 773°, 
antimony at 812°, and so on. 

But there are important circumstances to be noticed in 
the liquefaction of these bodies. It is evident that if a 
quantity of ice, at the temperature of zero, or 0°, be tiiloMi 
into a room wtiose temperature is 60°, the ice will begin to 
melt; and a tnermometer placed in it, which at first iiitii- 
cated zero, will rise and soon reach 32° ; but at this point 
it will remain stationary until the ice lias entirely passed 
into the liquid form. Even if the vessel containing tlic* ice 
be placed upon a fire, the mercury in the Ihcrmomctor will 
not rise above 32° so Jong as aji^ ice remains in the vessel. 
Now, it is obvious that, during this time, a quaiiljtv of heat 
must be constantly entering the vessel w ithout rendering its 
contents hotter; for so long as this .influx of heat is engaged 
in liquefying the ice, it produces no efteet upoii its tempe- 
rature: Thus we see that increase of iomporaturo is ojily 
one of the modes in which heat or caloric acts, and that 
wlien a portion of heat is producing the cfiect oijluidifg, it 



LIQUEFACTION AND VAPOEIZATION. 


88 


cann<|J be at the same time producing the effect of 
perature. The effect here described for ice applies equally 
to other solids. Hence we see that, during the process of 
liquefaction, a large quantity of lieat disappears^ or is aft- 
sorhed^ so as to be no longer sensible to the touch or to the 
tliermometcr. The heat thus lost is sometimes called the 
heat of fluidity^ or latent heat, in contradistinction to the 
heat of temperature.* 

51. Another general effect of heat is the conversion of 
liquids, by an enormous expansion, into airs, gases, or 
vapours, as when water by boiling becomes steam. This 
effect is attended by the same important circumstance as 
in liquefaction, namely, the absorption or a])parent loss of a 
large quantity of lioat, which, however, rcaj) pears when the 
vapour is condensed again into the liquid form. A vessel of 
> boiling water exposed to the atmospheric pressure of thirty 
inches maintains the constant temperature of 212°, and the 
most violent heat is inaullicient to raise it above this point. 
The heat thus expended in vaporizing water without raising 
its temperature is sufficient to raise it no less than 970° 

• It must be remembered, however, that the general principles applied 
to mechanical force (33) arc equally applicable to force of every kind; 
it is not lost without producing an equivalent effect. ^ Thus exactly as 
much of the cause of heat as appears to be lost or abnorl^ed iii the lique- 
faction of a solid, is again apparently produced or evolved in the resolidi- 
fication of the same liquid. Thus, as a solid, while melting, becomes no 
hotter though constantly receiving heat, so a liquid, while congealing, 
becomes no colder though constantly losing heat ; for its temperature is 
maintained by the evolution of this heat of fluidity. The heat of fluidity 
^fin water is about 140® ; that is to say, water at 32®, to be converted into ice 
at 32®, or to be frozen without change of temperature^ must lose as much 
heat as would lower its temperature 140® without freezing it ; for though 
■ this cannot be done, yet it can be lowered 10® without freezing, and this 
i by the abstraction of only of the heat which must be removed in order 
to freeze it ; or it can be lowered 20® by the abstraction of of that quan- 
, tity ; or the heat given out in freezing can be made to warm 14 times as 
^ mucii wat^ 10®, or 140 times as much water 1® ; and the same thing caa 
be proved in innumerable other ways. 
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if it were not vaporized ; or, in other words, the latent heat 
of steam is nearly 1,000°. 

62. The axiom laid down in (49) is true only of masses 
of the same substance or hind of matter ; for diilerent bodies 
manifest dijfferent capacities for heat ; tliat is, if two equal 
masses or weights, of the same temperature, receive the 
same amount of heat, they will not become equally hot, 
even although they do not change their state. Eor example, 
if a pound of mercury at 160° be mingled with a pound of 
water at 40°, the resulting tcmj)erature will not be the 

160 4- 40 

arithmetical mean, or =100° ; it w'lll bo only 45° ; 

• 

BO that the 115° lost by the mercury heats the water only 
6°. On reversing the experiment, and mingling a pound of 
water at 160° with a pound of mercury at 40°, the result 
will indicate 155° ; so that the 5° lost by tlio w’ater raises 
the mercury 115°.* 

Different bodies, therefore, have various degrees of sus- 
ceptibility to heat. To produce a certain change of tempera- 
ture requires a greater supply of heat in some bodies tlian 
in others, J*fumbers jjropprtional to the quantities of heat 
necessary to produce the same change of temperature in 
equal weights of different bodies are called the spccrflc heats 
of these bodies, or their capacities for heat. Thus, water is 
said to have thirty times more capacity for heat than 
mercury. 

63. There are three methods by which licat is diffused; 
namely, hy conduction^ by convection^ and by radiation. 

Bodies that are kept in contact will (if of different tempe- 
* 

* Hence it appears that the force of heat, uulike mechanical force, is 
sot proportional to the quantity (or inertia) of the matter affected by it. 
It is far more nearly related to the bulls ^ though not proportional even to 
this, when different substances are compared. Thus, if we mix a pint of 
mercury at 100° with a pint of water at 40°, the resulting ten.pcruture will 
be 60°, or, on reversing the experiment, 80° ; showing that 20°, lost by 
the water, raise the same bulk of mercury 40°, and vice vend. 
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ratufes) gradually change till they acquire the same tempera- 
ture; .that is, their shares of heat of temperature will become 
proportional to their capacities, and each body will have the 
some temperature throughout its mass. But this diffusion 
docs not take place instantaneously, or there would be no 
such thing as difference of temperature. Tlie rapidity with 
which lieat travels varies in different substances. Forexample, 
if we place a silver spoon and a w'oodon one in boih'ng water, 
the handle of the former will become too hot to be held 
before that of t he wooden one is sensibly warmed. We see, 
tlieiT, that silver is a good condu(‘tor, and wood a bad 
conductor of lieat. TJinerent substajices conduct heat at 
diHerj^int rates. If w'c call the conducting power of gold 
1,000, silver will he 073, copper, 808, platinum, 381, h-oii, 
374, tin, 303, lead, 170, nimble, 23, porcelain, 12, clay, 11. 
On placing one hand upon a piece of fur or llaiuiel, and the 
other upon a piee(^ of metal, both of the same temperature, 
as they must bo if left under the same circumstances, and 
both colder than the hand, ive call one warm and the other 
cold. This is an cifect of sensation merely. The metal being 
a good conductor, aht-tnicts hdiit from the hand and gives 
the sensation of cold ; the flannel or fur, being a bad con- 
ductor, not only talvcs away no heat, hut aHows it to accu- 
mulate; and hence the sensation of wai’mlh. Precisely the 
contrary eftect i\ill lake place if 
both bodies are warmer than the’ 
hand. The metal iiill feel hottcbt, 
and will even hum us, at a tem- 
perature at which the cloth would 
hardly seem warmer than in tlie 
former case. 

54. But in liquids there can bo no 
change of tefliporature without a 
displacement of particles. If- heat 
he appKed to a vess(d of water, the 
particles near the bottom of the 


Fig. 20. 
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vessel being heated first and expanding, become specifically 
liglitcr and ascend ; colder particles occupy their place and 
ascend in their tm*n, and tlms a current is established, the 
heated particles rising up through the ctnitro, and colder par- 
ticles desexmding at the sides, as shown by the (lirei*tion of tlio 
arrows in Pig. 20. This is evidently a ^ ery dilierciit process 
from conduction. The heat is not conducted paiiiide to 
particle without displacement, as in the case ^ a sijlld ; but 
each particle, ns fast as it receives a fresh act^sion.of heat, 
starts oft’ with it, and it to a distance, displiuitiaig other 

and colder partich's in its progrt'^s. Tins procOftSi had‘3pfecei\ i 4 
the appropriate name of conceH ion; and its importance 
be seen if we apidy heat to tlio surface of a liquid 
to its base. Water being a bad conductor, 
we may boil it at the surface (I’ig. 21), 
while a lump of ice sunk to the bottom 
will remain nninelted. 

Gaseous bodi<'S, however, from the 
great mobility of tlicdr jmrticles, are the 
most rapid conveyers, although (ajid, in- 
deed, hecattsf') they are t])e*slow'c‘>t con- 
ductors of heat. Any body hotter than 
the air sets in iflotion an upward current 
of that fluid, which may be easily seen 
rising from bodies that are much heated, 
and the particles which rise are immedi- 
ately replaced by the influx of otlier 
particles from every side. The sliglitest difleffilsiC^i of^toin- 
peraturc is sufficient to produce these efli els, aa4 heiUCC* flio 
rapidity with which the air reduces all bodies io 
temperature. A body colder than the air, such $t& a luir^p of 
melting ice, produces an opposite action : it cools the air in 
contact with it, which, becoming denser, *d'* Kwb in a 
continual stream, supplied by an influx of air irom all sides 
to the ice, until the whole is melted. 

Actions of the same kind iu the great scale of nature give 
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nse to. all tlie varieties of wind, by wliicli the whole mass of 
the atmosphere is kept in motion, and its temperature so far 
equalized as to mitigate the extremes of climate, and render 
both the equator aud tlie polar regions habitable. (Such 
eflects as those could not take place if the great ocean of 
air were heated (as at first sight it may appear to be) from 
above. The atmosphere receives scarcely any of its warmth 
directly from the sun’s rays, but is heated almost entirely 
by the ground on which it rests, and is therefore in the 
condition of the water in a boiler, where the lieat is 
applied from below. 

But it is didbront with the liquid masses of our globe. 
The heat is applied to them at their surface, and is therefore 
not diffused by convection. Tt creeps slowly dowm wards by 
conduction, so that tlic temperature of all deep waters is 
fouud to dimiiiisli downwards. In the absence of the sun, 
how ever, the process of cooling goes on by convection ; the 
surface waters being cooled first, become denser, and tliere- 
fore sink, while now^ portions are brought to the surface, 
where they are cooled aud sink in their turn ; by which 
circulation the whole would very soon be reduced to the 
freezing point, were it not that the wdsdoin of the Creator 
has ordained that the general law of rarefaction by heat and 
.Condensation by cold sliall, between certain Igniting tcinpe- 
raturos, he reversed. The operation of this exceptional law 
has already been mentioned (1^3). It gives rise (in water 
below 394°) to a species of convection exactly ihe ]*evcrse of 
that in other fluids, namely, a convection of heat more 
readily downwards than upwards. Thus, above the tem- 
perature of 39 masses of water arc more easily cooled th.an 
heated ; and below 39 they are more easily warmed than 
cooled. 

Br. Hope gave a heautifal illustration of these actions by 
placing, in a very cold room, a deep jar of warm water, and 
Buspendmg two thonnometi'rs in it, one just dipping below 
the surface, and the other sunk to the bottom. The upper 
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temperature remained the highest until both had sunk below 
40°, when the difference was reversed, and the surface be- 
came colder than the bottom.* 

This effect was shown on the grand scale of nature during 
the autarctic voj^age under Sir James Clarke Boss. It 'was 
found that au irregular circle could be traced around the 
globe between the parallels of 50® a}id GO® of south latitude, 
on crossing which circle, and sounding with a register ther- 
mometer, the same temperature of SOJ® was indicated at all 
fathomable depths. In all other places, there is always a 
change of temperature with change of dej^th ; for, w'herever 
the surface is warmer than this, the water becomes colder 
the deeper the sounding; while, to the south of that circle, 
the temperature, alw'ays colder than 391°, becomes wanner 
the deeper the sounding. The phenomena indicated that, 
provided the sea be of sufficient depth, a depth may always 
bo found, below w’hich the constant temperature of 39i° is 
preserved ; but the depih necessary to maintain this must 
be very great at the equator, wdicre the surfjice is above 80°, 
and must diminish from thence to the circle above men- 
tioned, where it vanishes, and again increases towards the 
pole. 

55. Tho third method by which heat is diffused is b]r 
roiliation, as when w e stand at a distance from tho fire, and 
experience its warmth. The heat is not, in this case, brought 
to us by any current of air, for that must set in towards^ and 
not from^ the fire ; and besides, heated currents tend con- 
stantly to ascend. Nor can it depend on the conducting 
power of tho air, for that is very slow indeed, and we expe- 
rience the heat of thd fire instantaneously. Brom these 
and various other reasons, it is evident, that a substantial 
medium, path or passage is not necessary for the propagation 
of heat. * 

If a red-hot cannon-ball be suspended in the air, rays of 
heat will bo emitted from it as a centre, in radial lines, 
which move with tho velocity of light, and, like the luminous 
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rays, may be reflected, absorbed, refracted, transmitted, &e., 
.by encountering certain surfaces ; and these rays may be 
reflected or transmitted without disturbing the temperature 
of the reflecting or transmitting bodies ; but if the calorific 
rays be (fhaorbed (that is, if they are stopped, and wholly or 
partly cease to exist as nufi$)y an iirnnediate increase in the 
totbperature of the ahsoibing body is the residt. This 
transmission must not ho confounded T\ith conduction of 
heat. The latter is always a. slow process, \\hile the tr*iTis- 
missioii of radiant heat, or calorific rays, is instantaneous. It 
is the peculiar properi y of these nays, that they do not heat 
bodies through \\hieh tlicy pass, as conducted heat must do. 
The worst conductors of heat (air and gases) are the best 
transmitters of tliose ra^'s, while the best conductors 
(metals) totally stop the progress of the rajs. 

The intensity of radiant heat diminishes in the ratio that 
tho s(piarcs of l!ie distam'os froju the radiating points 
increase ; that is to say, the heating ofti'ct of any hot body 
(such as the I’cd-hot ball above noticed) is nine times loss at 
three feet than at cue ; sixteen times loss at four feet j and 
tweniy-five times less at five feci. Now, a>s this law applies 
to all influences ll'at spread from a centre, such as gravita- 
tion, light, boat, ( loctrical forces, magnetism^ sound, and in 
fact all central forces wlien 
not ^voakened by any re- 
sistance, or o])posl ng force, 
it is desirable to imprc*ss 
tho law fuUy on the reader’s 
attention by giving a reason 
for it. Supjjose a board 
t\\o feet square (Fig. 22), 
to be held with its centre 
exactly two yards from a 
candle, and another board 
one foot square to be liold. 
parallel with the lii-Ld board, uud exactly half-way beWeen 


Fig. 22. 
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Wlien beating rays pass from one medium into another, 
tlicy undergo a change of direction at the surface which 
divides tlie two media: this change is called refToction, 
wliich will be more parlicuhtrly noticed when wo come to 
speak of light (66). Heat of the same quality, however ' 
dilfercnt in iutcusity, is refracted alike; but the different 
qualities of heat po.sscss different refrangibilities or degrees 
of suaceptihility to this action, including all possible degrees 
in tbeir certain limits. 

59. ^^ot all the radiant effect which falls on the surface 
of a new' nu’dium outers it ; a portion is always reflected. 

Jn considering this ])art of our sul)j(»ct, we may remark ' 
tliat radiations or effects which are pi'opagatcd in straight 
lines only (such as light and radiant heat) are most con- 
veniently considered by dividing tliem into ninumerablo ' 
straight lines or rays; not that there is any snch division in , 
nature, but to enable us, amidst the extreme complexity of 
these phenomena, to confine our attention to the simplest 
independent portion of the eireci. Every individual niy, 
whether of lieat or light, proceeds in a straight line until it 
meets a refle(*ting surface, from which it rebounds in another 
straight line, the direction of wliich is detenniiied by the 
law already stated (35), luunoly, that the angle of incidence 
is equal to tlie angle of rcilexion, to which, however, in this 
case must (on account of its generality) be added another^ 
condition, viz., that the plane of rejlexioiiy as it is called (op5| 
that imaginary plane which contains both 
the incident and the reflected ray), is per- 23, 

pendiaular to the rcflc^'ting surfiiee at the 
point of contact. Thus let a ray from a 
(Fig. 23) fall on a reflecting surflicc at n. 

We must suppose a perpendicular to this 
surface erected at the point n, then the 
same plane p p, which contains both the 
incident ray and the perpendicular, ^vill 
also contain the reflected ray b c, both 
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niys making equal angles with tliis perpetidicular n n, but 
on opposite sides of it. ■Wlioii tTae surface is curved, a per- 
pendicular or noTWdl (as it is then called) can equally he 
erected at any point of it ; for it must he rememhered that 
* each mathematical point of such surface acts precisely as a 
tangent plane, tliat is, as a plane touching the curved sur- 
face at that point would act. Thence it happens, that 
certain regularly curved reflecting surfaces, called mirrors 
or specula, possess some rcmarkahle properties. For ex- 
ample, if a mirror have the form of a paraboloid, any numher 
of rays radiating from the point called its focus will be 
reflected into parallel directions, and any number of parallel 
rays coming to such a mirror are all reflected so as to meet 
^in its focus. 

In Fig. 24 two such mirrors, a and b, arc shown. They 


Fig. 24. 



arc made of metal and higlily polished, because we have 
seen that this kind of surface is the vrorst radiator, and 
therefore absorbs the least proportion of the rays that fall 
on it, and consequently must reflect the greatest quantity. 
If these mirrors be truly centred, that is, placed so that 
their axes may be exactly in the same straight line, and if a 
hot body be placed at c, in the focus of the mirror a, all the 
rays which it sends to that miiTor wn*ll be reflected into 
parallel lines, and so reaching thti other mirror B, will be 
reflected by it, and all brought to meet in its focus J>, w here 
a thermometer will be affected more than at any other spot, 
even though such other spot be much nearer the hot body c. 
Moreover, if a screen be placed either between c and a, or 
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between B.anil n, tlic effect on the thermometer instant^ 
ceases. ’ 

To render this experimeut more strilviiic;, a red-hot 
ball is sometimes placed in the foens of one mirror, ai»i 
some combustible, such as gu□po^^dor, phos])]u)rus, paper, 
&c., in the focus of tlic othei\ Tlieso bodies will bo bumi, 
although their distances from Ihe ball c may be ten or 
fifteen feet. 

If, instead of a beated ball, wc place in the focus of the 
mirror a a ball of ice, a ibennoineter in the foens of the 
mirror n will be observed to full. When this expf'riniCi t 
wjis first performed, it was supposed to arise from the rad^ - 
tion of cold. This, however, was a mistake; since no pr 
ciple of cold, considered us a posilive tjnality, can tie 
admitted, cold being merely a sensation arising from the 
abstraction or diminution of heat ; as darkness results from 
the absence of light, and sileiu'C from the absence of 
sonorous vibrations. In this exp(Tiineni tlic tlierinomet^'r 
sinks, because it radiates heat to the hull of ict'. J I once ve 
learn, that even a body at the ordimiry temjiorature mubt bo 
constantly radiating heat; and, of conrso, can only prosc^rve 
its temperature by the countcr-radiiitlon it reetuves from 
other bodies. When two bodies arc placed in the foci of 
the opposite ihirrors, they are, as it were, isolated or cut (>ff 
from any other source of beat, so that any heating efle«‘t 
obseiwed in one must be derived from the other. The 
thermometer, therefore, in the last experiment, hus a largo 
proportion of its supply diminisluMl much bohnv its usual 
intensity, so that (itsa radiation renhainlng unaltennl) iti 
temperature must sink lower than usurd. 

00. These generalizations enable us to explain a stil 
more remarkable instance of the apparent focalizatiou 
cold. If one of the parabolic mirrors lie placed so that it 
axis* may point to the sun, as the raya corning from a bod 

The axis of a paraboloid, or of any mirror, is an imaginary 1^ 
drawn from its centre through its focus, and prolonged indefinitely. 
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I so vast a distance are pliysically parallel, they will all bo 
Icctod to tlic focus of the mirror, so that it will act as a 
werful burning Triirror. But il‘ the mirror bo turned so 
lo face a portion of clear blue sky (the bluer and the 
i^arer the zenith the bettor), its focus will- become a focus 
ifyoltl, and a delicate thermometer placed therein wdll sink, 
i^cloar 'weal.hor, some degrees even in the daytime, md as 
ufuch^s 17° at night. 

|Kow', in order to understand this effect, it be 

?4mombered tbat tlie thermometer is coiistantiy i^iating 
ilieat in all directions, and also receiving from siUtonnding 
bodies, in ordinary circumstances, just as much beat as it 
radiates. But in tliis experiment it receives less, because 
its usual supply from below' is cut dl' by the mirror. But 
it may he asked, “ AVill nothing but ^ miiTor serve this 
purpose?” Any otlier body w’ould radiate from its own 
surface as mu(*h heat us it intercepts from other bodies ; 
but a polished metallic surface, being tibe w*orst of radiators, 
supplies less heat than it intercepts. It jntist also have tlie 
form of a mirror, the Ibcus of which imust coincide with the 
jtlaec of the thermometer, because, if it had any other form, it 
would reflect to the thermometer some of il»e rays which it 
received from other bodies ; hut, because it is a paraboloid, 
}z cannot rcdlect to its focus any rays except; tl&c that come 
in a certain direction, namely, parallel with its axis. Now% 
in that direction nc. rays comt', for there is no bod^ eii-her 
t ) reflect or to radiate tlicin. If a cloud, iiKlocd-^as^jL?c|trQ 
i 10 axis of the mirror, the thermometer instantly 
i uial height. 

Wo sec, then, by this most instructive experitm^l^llM 
O' cry substance on the earth,* however low its temp'd^ffrffrc, 
J'' constantly radiating its heat in all directions equally ; and 
also receiving licat in every direction except from the 
r< gions of space, or wdiat we call the blue sky. After sim- 
fc, the supply of heat from the sun is w'ithdrawn, but 
iT'diaiion still continues; and if there be no clouds to reflect 
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back the beat, the temperature of the earth’s surface soon 
sinks below that of the air w^hieh i*esty uj>oii it, and the 
consequence is, a condensation of the moisluro of the air by 
the colder earth in the form of dew. Any one may convince 
himself that this condition is necessary tc the format ion of 
dew, by placing a thermometer on an open grass-plat alter 
sunset, and suspending another tliormometcr in the air) 
several feet above it. With a clear sky the siisjfrndcu 
thermometer will mark a temperature seven, eight, or nine 
degrees higher than that on the grass. 

61. The presence of moisture in the air is accounted for 
by a modification of the process of vaporization already no- 
ticed (51). AVater evaporates, or is converted into steam 
at all teniperatirres^ until the wlioh' space above it (whether 
containing air or not) is pen^aded w ith watery vapour of a 
certain fixed density and elasticity, depending on the tem- 
perature, and connected therewith by certain laws. Wo 
must remind the reader, that the elasticity or expansive 
tendency of a fluid is estimated by the number of pounds or 
ounces with which it presses on eacli square inch of suifaco 
that it touches ; or by the number of inches of mercury tliat 
it will support, as in a barometer. 

Kow, at a^y given temperature, steam can exist of sudi 
density as to have a certain fixed pressure, and no moi’e: and, 
if there he water enough present, steam will be accumu- 
lated till it has this density ; but no more can tlicn be 
accumulated without raising th(» temperature ; and if tho 
temperature be lowered, a portion of tlie steam will immedi- 
ately become water, ab that (occupying in this state some 
thousands of times less space than before) it may leave 
room for the remaining vapour to expand, till its expansive 
force is reduced to that w'hich the new temperature can 

♦ By steam we here mean the elastic vapour of water, which is always 
invisible. What is commonly called steam, bat properly cloud, is liquid 
water in a finely divided or jpowdered state, wafted like dust by currents of 
air or of steam nrooerlv so called. 
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Tipport. The pressure of steam is therefore always tho 
ame at the same temperature. At 212® its elastic force is 
jqual to that of tho atmosphere, and it will support a 
jolumn of mercury 30 inches high, which is the reason that 
)oiling requires this temperature in the open air, when tho 
jaromefcer is at 30 inches ; but rather less or more, when 
ihe barometer stands lower or higher.* Above this tempe- 
mture it becomes high-pressure siemn^ which at 220® will 
jupport nearly 35 inches of mercury ; at 230® nearly 42 
inches, and so on. But tho steam which is thrown off from 
bhe waters of the earth, from damp soil, from the foliage of 
plants, and even from ice and snow, has but a very small 
pressure. Steam at 32° will support only 0*2 inches of 
nercury; at 40®, 0 203 in.; at 50®, 0*375 in.; at 00®, 0*524, 
^r rather more than half-an-inch of mercury ; at 80® it will 
upport one inch, and so on. When the air contains as much 
rapour as can exist at the existing temperature, it is said to 
satwrated. If in this state it experience tho smallest 
Reduction of temperature, some of the vapour must iminc- 
liately become liquid, assuming the form of cloud, fog, or 
’ain. These effects depend on the cooling of the air below 
the temperature necessary to retain all its vapour. But 
when a solid hody is cooled below this temperature (the air 
•omaining above it), fi different kind of depoStion occurs, 
•ailed deWy which does not fall in drops from the air, but 
rows, as it w’erc, on the solid. Dr. Wells proved, by a most 
ompleto investigation of this subject, that instead of dew 
ooling bodies, as commonly supposed, it is their cooling 
diich causes dew ; and its fonnation Cv#en mitigates tlie cold, 
»y the heat, previously latent, which the steam gives out on 
ondensing into water. Tho degree of heat at w hich dew 
begins to be formed is called the dew point, and instruments 
ailed hygrometers have boon invented to measure it. Tho 

* At the town of Potosi, on the Ancles, where the supcriucamhent 
reisure of air will only support about 18 inches of mercury, water boils 
1 188 ® 
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difference between the temperature of tbe dewpoint and the 
temperature of Ihe atmosphere indicates the degree of dry-, 
ness, wliich in this country seldom rc‘aches 30°, that is, the^ 
temperature of the earth necessary to condense the vapoui^ 
of the air is seldom 30° below the temperature of the airg, 
In India it has been known to be 61° below it, and in Africt^ 
probably lower still. 

If, while dew is forming, the earth continue to cool dowr*(^ 
until it reaches the freezing point, hoar frost is formed. The 
beautiful figures seen in winter on the inner surface of oui^ 
window-panes, cooled by the external air, are produced bj ) 
these cold surfaces condensing the moisture of the waxme. 
air within. 

As the amount of radiation varies in different bodies, 8(^ 
the depression of temperature varies with the nature of th, 
radiating surface. By a beneficent provision, herbage and lo\ 
growing plants are good radiators, and thus receive a mucf 
larger amount of dew than rocks, bare earth, and masses c 
water, which do not require the refreshing influence of dew*. 
Its value is, of course, most appreciated in warm climates 
and in several passages of Scripture it is mentioned as onti 
of the choicest blessings. Thus, among the blessings in| 
voked by Isaac upon his son, was, God give thco of tin 
dew of hea^n.”* And Moses, blessing the land of Joscpl 
places the dew among ** the precious things of beaven.^’t 

62. The hypotheses which have been applied to the natui^ 
of heat have also been applied to light. In our own c 
philosophers incline to the opinion that light is produced bj 
the undulations in, o^ vibrations of, an elastic ether, w^hile J 
was formerly supposed to be an emanation of material part?^ 
cles from luminous bodies. "Without further reference t| 
either of these hypotheses, we may examine a few of th| 
elementary effects to which a ray of light is subject undet' 
various circumstances. 

The si mplest induction will prove that some substance o 
Gen. xxnu 28. t Beut. xxxiii. 13. 
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action, whicli vc call light, iraveU from every visible point to 
the eye in straight lines, radiating in all possible directions 
from every visible point of matter, whether emitting light 
from its own resources, or dispensing what it receives from 
some foreign source ; yet the speed of the transference of light 
long.balllod aU attempts' of philosophers to measure or even 
detect the time which it occupies in travelling the greatest 
distances. To make signals on two distant hills, in the 
manner described for ascertaining the velocity of sound (43), 
is in vain, because light appears to occupy absolutely no time 
in reaching from one hill to the other. But there is some- 
thiug so incredible in this, that Lord Bacon, with remarkable 
penetration, foretold the method by wliich its progressive 
motion would be detected, viz., by more careful observation 
‘ of the heavenly bodies; and the prediction was thus verified : 
Lboiit the year 1675, Eomer, an eminent Banish philoso- 
bher, called attention to the important fact, that the eclipses 
bf the four satellites, or moons, which revolve round Jupiter, 
pd not begin or end (that is, these little bodies did not plunge 
• or emerge from the shadow of Jupiter) precisely at the 

Fig. 25, 



times assigned by calculations founded on previous observa- 
tion;'*'' but that, if the data of these calculations w^ere 

* These satellites were the very first fruits the invention of the tele- 
scope by Galileo. They may be seen, when the planet is tolerably bright, 
by a glass, the clear opening of which is not less than an inch, and the 
magnifying power not less than 20. It frequently happens, that only two 
j^or three are visible, because, in general, each satellite disappears thrioa 
Siring its revolution, namely, in its transit before the face of Jupiter j in 
I occvltation behind him, and in its eclipsa by his shadow. (See the 
j^ire.) With the two inner satellites, however, the two latter events, are 
‘ways partly eontemporaneon«, so that we can never see both the beginnmg 
the end of the ^ipse. The frequency of these eclipses^ md, their 
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obtained when Jupiter was in opposition, or newrcH the 
they would give too early a date for the eclipses at all other 
periods of tlie year ; and, after many years* observation, he 
found that this retardation (which might sometimes amount 
to nearly a quarter of an hour) increased or diminished 
exactly as Jupiter’s distance from the earth varied ; so that 
the only conceivable way of accounting for it was by suppo- 
sing that the Last gleam of light shed previously to a moon’s 
immersion into tlio shadow of the planet, or the first ray 
that it reflected on its emersion, did not reach the eye until 
some time after the emersion or immersion; hence the 
retardiition would, of course, be increased as the distance of 
Jupiter from the earth increased. Knowing the distances of 
the principal heavenly bodies from each other, and testing 
those distances by the apparent retardation of the eclipses 
of Jupiter’s satellites, it has been found, that tho light 
reflected by them must occupy, in reaching us, about 84 
minutes w’hen we arc nearest them, and 50 minutes when we 
are furthest oft’, the rate of travelling being 192,000 miles 
in a second; consequently, it hardly occupies a second 
and a quarter in coining from the moon, a distance equal to 
10 times the earth’s circumference. But such is tho prodi- 
gious dispro^iortion between the distances of the celestial 
bodies, that this same agency must take Si minutes in 
reaching us from the sun ; about 5 hours in coming from tho 
new’^ planet Neptune ; not less than years from tlio nearest 

fitness for this purpose, arise from the very rapid motion of the satellites, 
whidh causes their disappearance and reappearance to be almost instanta- 
neous, and capable of being ascertained to within a second or two ; for the 
Inner satellite, although describing about as large an orbit as our moon, 
€X>inplete8 this circuit in about If days, the second in 31 days, and thethirt 
in 7 days, so that four eclipses of the first, two of the second, and one of th< 
third, occur every week. The outer satellite, whose period is about 16 days 
sometimes passes over or under tbe shadow, and thus escapes an eclipse 
and both it and the third sometimes escape transit and occultation, as see 
in our figure, which represents this miniature system when seen Umt sdgt 
lefsc, or with the orbits opened to the greatest apparent width possible. 
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Ifixed star, and probably centuries in coming jfrom tbe nearest 
^bnl© ; BO that we see the nebul© not as they are now, 
but as they were some centuries ago. 

That the light from all these sources travels with the very 
kame speed is kno\\Ti by a singular phenomenon called the 
%^erration of lights which fully confirms the conclusions 
idrawTi from the above-named observations of Ju])iter. This 
i aberration is common to all the heavenly bodies, Causing 
them all to appear a little out of their true place, and it 
forms one of those corrections which must be applied to 
every celestial observation. It arises from an application of 
the principle advocated by the sportsman, of ‘‘shooting 
hefore the hare.’* As the observer is moving along with the 
' earth, at the same time that the light is travelling to him, 
lit follows that, if he point his telescope exactly towards any 
Icelestial object, he will not see it, because the light which 
enters the telescope will, before it can reach his eye, bo 
Btruck by tbe side of the tube; unless, indeed, he be travelling 
exactly towards or from tbe object, in w'hich case there is no 
^ben’ation. In other cases, the telescope must evidently be 
^"pointed a little to one side of the object in order to see it, so 
i that almost every star is seen out of its place. Now, the 
amount of this displacement being ascertained, is found in 
all cases, whatever be the object seen, to be exactly such as 
may b6 calculated from the known velocity and direction of 
the earth’s motion, taking the velocity of light always at the 
same rate, viz., 192,000 miles a second. We should observe 
that, as tbe earth’s motion is very slow compared with this 
(barely a 10, 000th so fast), tho amoumt of the aberration is 
very small, never exceeding 20 J", or about half the apparent 
diameter of Jupiter, 


63, The motion of light in straight lines onlg (under 
ordinary circumstances), is probably the first physical fact 
that we learn, and that on which wo found every inference 
depending on tho evidence of vision. It is to some exception 
to this law that every variety ocular illusion or deception 
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is referable; for when the rays coining from any object 
Buffer any bending before arriving at the eye, it sees the 
object out of its true direction, viz., in that direction wliich 
is last assumed by the rays immediately before entering the 
eye. 

Light not only proceeds ordinarily in straight lines, but 
such lines or rays emanato from every point of a visible 
object; and proceed in every direction. Any number of rays 
of light can cross each other in ilie same point of space 
without jostling. If a small hole he made from one room 
into another through a thin screen, any number of candles 
in one room wiU shine througli this hole, and illuminate as 
many spots in the other room as tliere are candles in this, 
all their rays crossing in the same liole, \vithout hindrance 
or diminution of intensity, just as sounds of different cha- 
racter proceed through the air, and speak to the ear, each in 
its own peculiar language, without n»aterially interfering 
with each other. 

Owing to the rectilinear motion of light, the pent*il, as it is 
called, which emanates from any point, diminislios according 
to the law of inverse squares (55), and the apparent super- 
ficml size or area of any object diminishes as its distance 
from us increases by the same law. Hence, as its apparent 
size and th^ whole quantity of light received from it are 
always proportional, its hnghtness remains the same at all 
distances, and the sun appears to be no brighter frf)m Mercury 
thaix from the earth. This, however, is only true in free 
space, and not in air, because a portion of the light is 
ahs&rhed in passing though air, as explained in the case of 
heat (57), causing the intensity to diminish rather 
than the inverse square of the distance. 

The investigation of these effects, and all others deducible 
from the law of straight-lined motion alone, constitutes 
first branch of optical science, called Fersjpective, 

The application of this science, when no account 
of the absorptive power of the medium llmough possible^ 



EEITLEXIOK 01* LIGHT, 103 

see, constitutes Lineal 'Perspectwe; wlien this consideration 
is added, it hecomes Aerial Perspective, 

64, The second science of light, called Catoptrics, investi- 
gates whatever is deducihle from tho law of reflexion, already 
explained in the case of heat (58). 

As when a moving body strikes another at rest, the 
mechanical force is divided and shared between them; so 
when the action of light, propagated through any medium, 
arrives at the surface of a new medium either denser or 
rarer, more or less transparent than the former, its force is 
divided, a portion entering the new medium, and a portion 
rebounding into the old. This latter portion belongs to 
Catoptrics. Its quantity rarely exceeds half the original 
light, except in one case, to be noticed presently, where it 
includes the whole effect. When the poition reflected from 
any surface, or point of a surface, to the eye is considerable, 
such surface or point appears white; when very little, it 
appears da/ric coloured; and black when the portion is in- 
appreciable. 

Hence it is evident that the same surface w'hich appears 
to be white to an eye in one position may appear to be black 
from another point of view, as frequently happens with a 
mirror, or some particular point thereof’, o^ of any other 
bright or reflecting surface. But surfaces which are distin- 
guished as reflective do not really reflect more light than 
those which are termed dull or non-reflective, provided the 
depth of colour bo the same in all. Burnished silver reflects no 
more light than frosted silver, nor docs the melted surface of 
sealing-wax than the broken surfac^ of a stick of that sub- 
stance. J^’or do these dissimilar bodies reflect according to 
different laws or by different kinds of reflexion, although 
such varieties of reflexion as the following have been distin- 
guished : — First. The specula, or mirror-like reflexion, ac- 
cording to the law of equal angles already explained in the 
case of mechanical force (35), and of heat (59), by which 
each ray that amvted in one definite direction is reflected 
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only in one direction. Second. The radiating or dull reflexion 
according to a different law, by wliicli each ray is scattered 
equalJy in all directions. But in this case it may be proved 
that a dull and a polished surface alike observe the law of 
equal angles ; their different eflects may be thus explained: — 
a dull surface, however smooth to the touch, appears under 
the microscope to be so covered with roughnesses on a small 
scale, that the smallest visible portion of it contjuns ‘not 
only surfaces turned in all possible directions, but equally 
in all possible directions. When these arc largo enough to 
be visible, the surface is glittering^ as in refined sugar, 
fragments of marble, cast-iron, &c. ; but all these substances 
appear to bo dull when viewed beyond a ceiijain distance, 
just as all dull surfaces would be glittering if wo could 
place the eye near enough. Each minute surface refiects 
each ray that falls upon it according to the law of equal 
angles; but as surfaces lying in all directions exist in 
each visible point, light is sciittercd in aU directions from 
each such point, even though it arrived there in only ono 
direction. 

A reflective surface, as it is called, although not free from 
roughness, contains in each visible point a greater or less 
preponderance of surfaces having one fixed direction. But 
in this, no leas than in a dull surface, each poiut radiates 
light in all directions, but only because, under ordinary 
circumstances, it receives light in all directions. Confining 
our attention to that which comes in one direction, and 
which is often to bo distinguished from all the rest by some 
peculiarity either of infensity or of quality, this is reflected 
only or chiefly in one direction j not equally in all, os it 
would be by a dull surfisice. 

Our space will not allow us to enter further into the 
subject of Catoptrics, but we may observe, that all the 
appearances of opaque bodies, apart from colour, and all the 
images of other bodies appearing either behind or before 
mirrors or reflective surfaces, whether such images bo true 
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or distorted representations, erect or inverted, magnified or 
diminished, may all be accounted for by the law of equal 
angles, as those of perspective are from that of straight- 
liucd motion. In fact, Catoptrics is a science of which the 
inductive part has long been comxdeted, and its further 
progress belongs to deduction. 

65. We have seen that, in general, only a portion of the 
light which meets any surface is rellected, the remainder 
being absorbed or transmitted. When it is absorbed, the 
substance is said to be opaque ; but w'hen we can trace it 
further, the substance is called tramparent. Opacity and 
transparency are not opposite properties, but only very dif- 
ferent degrees of the same property. As radiant heat of a 
given intensity can penetrate much farther through some 
media than through others before it is entirely absorbed, or 
stifled, or expended in warming them ; so with light. Solar 
rays, for example, can penetrate through sonio hundreds of 
miles of air, but not through the thousandth of an inch of 
lamp-black or of metal ; for however much these two bodies 
may differ in the proportions of light which they reflect, and 
consequently in that which they allow to enter, they both 
agree in stifling tlie latter before it has penetrated to any 
sensible depth within their surface. Most other solids and 
liquids, however, can be reduced to such a degfee of tenuity 
as not to absorb all the light which enters them, but to 
allow some of it to emerge on the other side ; and as no 
medium, not even air, is perfectly transparent (for if it were 
there could be no such thing as aerial pers^iective), so also it 
may be supposed that no substance esn be perfectly opaque ; 
or, in other w^ords, that no absorption or extinction of light 
can take place at a mathematical surface; for even the 
densest metals, platinum and gold, can be reduced to leaves 
sufficiently thin to transmit a small portion of light. Perhaps 
no other property is possessed in such various degroos by 
different substances as their powder of absorbing light ; light 
loses less of its intensity in passing tlurough 50,000 miles of 
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matter of Ihcke’s comet than in passing through a fevr 
yards of light fog, an inch of glass, or a 300,000th of an inch 
of gold. 

6G. Wlien light passes from one medium into another 
(unless its direction be perpendicular to the surface dividing 
tliem), that direction undergoes a sudden change, which u 
called reaction. The investigation of this property belongs 
to the third branch of optics, called l>io2)trics. The now 
direction assumed by the ray is regulated by the following 
laws. Let a a, Fig. 26, represent the surface of calm water, 
which is necessarily polished, as that of all fluids must be, 
by the operation of the molecular forces. Ko light will 
pass through this surface unrefracted, unless it either de- 
scend or ascend perpendicularly, as from p to p', or p' to p. 
Any ray which falls obliquely, as B o, w'ill be suddenly bent 
into the direction c b" ; and if it arrive more obliquely, as 
D c, it will be more bent, taking the direction c n". It will 
be seen that in both cases the tendency of refraction is to 
render the ray more nearly peipendicular to the surface 
than before. But any ray w^hicb proceeds from the w'atcr 
into the air undergoes a contrary eflect, being rendered lees 
peri)endicular to the surface. Thus, a ray ascending in tho 
direction b" o w'iH, on emerging, take the direction c B ; and 
one w’hicb, iif the water, travelled along d" c, will, in the air, 
be bent into C n ; the bending in this case, no less than the 
former, being greater the more oblique the ray may be to 
the surface. Moreover, it is a law in refraction lio less than 
in reflexion, that by whatever path a ray reaches one point 
from another, by the xcry same path wdll a ray travel from 
the second point to the first. 

An eye at n", then, will see the object d, not in the direc- 
tioti n" n, but in the direction n" c, higher than its tnie 
place ; and an eye at d will see the object i)'' in the direc- 
tion B c, also higher than its true place, of which any one 
may convince himself with a basin of water. An opaque 
body placed at c will bide t> and d" from each other, though 
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not in a straiglit line between them ; and if it were in the 
straight line, it would not hide them, for they see each 
round a corner at c. 

The law of refraction was first completely established by 
SneU and Descaites at the commencement of the seven- 
teenth century. The first part of this law is similar to that 
of reflexion, viz., that the angles of incidence and refraction 
(*. e. the angles which the incident and refracted ray each 
make with the perpendicular or normal of the surface, or in* 
this case the angles PCD and p' c d") are both in the same 
pl^ne. Any ray meeting the surface of a new medium is 
split into two rays, one reflected and the other refracted ; 
as, for instance, the ray B c into the reflected ray o b', and 
the refracted ray c b" ; or D o into the two rays o d' and 
0 d". So, also, a ray b" o will be partly reflected in tho 
direction o l>, and partly refracted into c b ; or d'' o will be 
reflected into c d\ and refracted into c d. Now, in all these 
cases, the three rays, incident, reflected, and refracted, will 
be all in one plane, and that plane perpendicular to the 
acting surface a a. 

Tho angles of incidence and re- 
flexion (such as p 0 D and p c d') 

are, as already explained, invari- \B ^ 

ably equal ; but that of refraction d / \ ^ 

(in this case p' c d") is diflerent B 

from both, but connected with / \ 

them by this law, that (at the At 

same surface) the sines* of inci- 

denco and refraction, to the same ^ \X I / 

radius, bear a constant ratio to 
each other, wbicli is always tho i?/ — 

same in the same two media. 

* The sine of an angle is any line dropped from a point iu one of its 
legs perpendicularly to the other leg, and may therefore have any length. 
Thus, the sine of p c d (Fig. 26) may be either s s or s ir, or any other line 
parallel with them, intercepted by the 'wo lega of the angle p o e nd c n. 
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PoTiOBtance) in passing tbrougli the surface A i., ait what- 
ever degree of obliquity, and whether upwards from the 
water into the air, or down from the air into the water, a ray 
is invariably so bent that the angle which it mahes with the 
perpendicular p p' in the air may bo greater than that in 
the water; and that the sine of the angle in air may be to 
that in water (to the same radius) as 4 to 3, which is the 
ratio that has been determined by experiment. At the sur- 
* face separating any other two media, a different ratio would 
be observed with equal constancy. 

If we want to find the new direction into which any ray, 
such as n c, will bo beut by this surface, we draw a circle 
round the point o with an^ radius, such as o s, and we find 
the sine of the ray in air (to this radius) to be s s. Tliere- 
fore the sine in water will be ol s s. Draw a line parallel 
with c p' at a distance therefi*om equal to f of s s, viz. at the 
distance s' s", and as this intersects the circle at s ', we 
know that the refracted ray must pass through s" to mako 
its sine in water (s' s") f of its sino iii tiir (s s) both to the 
same radius (c s or c s"). If any other radius had been 
chosen, as c tf, it is plain that we should have obtained tho 
same result ; for, by tho property of similar triangles (21), 
if s's" be i of s s, then d «" is also \ of s s. 

If we were*fcracing tho course of a my upwards from tho 
water, as n" O, then, having found its sine in wafer to any 
fixed radius, we should make its sine in air i greater, be- 
cause the sine in air is always greater than that in water, as 
4:8; and we should thus find the new direction of the ray 

to be 0 2). « , , • P XT. 

In this case a very singular effect wcmld take place if the 

The «lne to a given radius is found by drawing a circle with tliat radius 
round the angular point, and from wherever this circle crosses one eg 
dropping a perpendicular to the other. It can therefore only have one 
length, and (in the same angle) will always bear the same proportion to. 
the radius, however long or short tliat may be. Thus the sine of the angle 
p 0 D to the radius c sis BS, but its sine to the raUius c a is s s. 
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ray were very oblique to tbe surface, as E o. We should 
first remark that tio ray passing from the air into the water, 
however obliquely, could ever be refracted into the direetioa 
c E ; for this reason — The sine of no angle can be greater 
than tho radius to which it is drawn ; therefore no ray can 
have its sine to radius c s greater than 0 s. But its sine in 
water is only -J of tliat in air, and consequently cannot exceed 
f of the radius. Now, the sine of tho ray c F, viz. ra;, is 
more than -J- of the radius c s ; therefore no degree of obli- ^ 
quiiy of tho ray in air will enable it to become so oblique in 
the water as c f. But a ray may ascend in the direction 
F c as well as in any other. Now, its sine in air must be- 
corao i grefiitcr than yz; but this is impossible, for a line 
i longer than f z would bo longer than the radius o s, and 
therefore too long to be tho sine of any angle to that radius. 
As this ray, theii, cannot be refnictcd acaordinq to the laWy 
it is not refracted at ally but totally reflected in tbe direction 
c fl tho only known instance of total reflexion, for none of 
the light can penetrate the surface a a, which is, in fact, 
absolutely ojyaqxie to this light. This phenomenon of total 
reflexion may ho seen by looking through the side of a 
tumbler containing water up to its surface, in some such 
direction as/c, when the surfiico will be seen to he opaque, 
and more reflective than any mirror, inasmuch* as the images 
in it are perfectly equal in brightness to the objects them- 
selves. 

67. We have said that, at the surface between any other 
two media, the ratio of tho sines would be difierent; for 
though aU smdaces reflect alike (as j’egards the direction of 
the ray), all do not refract alike. Suppose the ray passed 
from vacuum into watery the I’atio would be ratber greater 
than 3 : 4, namely 1 : 1*335. In passing from vacuum into 
air of the common density, the rofractiou would he much 
less, and consequently tlie sines much more nearly equal, 
viz. as 1 : 1000294. Now, if tho sine in any medium bo 
called 1, the corresponding sine in vacuo is called the indea 
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of refraction of that medium ; and is specif c for each sub* 
stance, or as constant as its density, expansibility, specific 
heat, or any other measurable quality. Thus the refi'active 
index of air of the common density is 1000294, that of 
water 1335, of crown glass 1*52, of flint glass 1-55. 

Now, in the case above considered of refraction from air 
into water, and vice versdj the sines in air and in w^atcr are, 
strictly speaking, as 1*335 : 1*000294 ,* and generally tho 
sines on each side of any surface are imersely as the refrac- " 
tive indices of the two media. 

The refractive indices of a great many media have been 
measured and arranged in tables. When tho density of any 
substarice is increased or diminished, its refractive power is 
increased or diminished in the same ratio. In these tables 
it ^vill be observed, that the index of every medium is ' 
greater than 1, because tho sine in vacuo is always greater 
than in any medium which has been examined : secondly, that 
few gases or vapours have a higher index than 1001 ; few 
liquids lower than 1*335, which is the index for water, and 
none higher than 1'7 ; no solids, unless they contain fluorine, 
lower than 1*5, with the exception of ice, w hich is only 1*31 ; 
and none higher than 1*G, except tiie gems, which vary up 
to 196 ; sulphur whicli is 2T5, x^hosphorus 2*22. The dia- 
mond is 2*4];^ being the most refractive of transparent 
bodies, although it is exceeded by a few deeply-coloured, 
almost opaque, minerals. 

It is commonly said that both refraction and reflexion 
occur at such surfaces only as separate media of diflerent 
densities. But this mu|t be understood of optical density,* 

♦ As it is possible to find two substances which, though very difTerent 
in their nature, have nearly or quite the same optical density, light will 
pass from one into the other, unrefracted and unreflected, and the surface 
between them, however rough, will be transparent and invisible. This 
remarkable eflect may be seen by plunging ground or powdered glass into 
a mixture of the oils of turpentine and aniseed, in such proportions as to 
have the same refractive power as glass; or, by rubbing ground glass with 
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whicH is by no means proportional to mechanical density, at 
least in dilFerent substances ; for although a change in the 
density of any medium causes a proportional change in its 
refract! \^e index (as when water expands on bccomhig ice, 
and has its index diminished from 1*335 to 1*310), yet this 
by no means applies to dilFerent media ; for water, which is 
much denser than oil, is much less refrfujtive. 

By reducing the refractive indices of bodies in order to 
ascertain their ratio if they were all of equal density, we are 
enabled to compare their ahsolute refractive ])owers, which 
are found to be closely connected with their chemical pro- 
perties ; anions^ or electro-negatives, having always the 
lowest refractive power; and cations, or electro-positives, 
the highest, llefracjtive power seems to be the only pro- 
perty except weight, wliich is unaltered by chemical combi- 
nation ; so that by knowing the refractive powers of the 
ingredients, we can calculate that of tho compound. 

68. The application of the laws of refraction accounts for 
numerous deceptive effects seen in the atmosphere, and 
included under tho general term mirage ; the most familiar 
of which is the distortion of objects seen through a rising 
current of hot air, w'hich, from its smaller density, has a 
lower refractive power than the surrounding cold air, and 
therefore bends the rays in various directiodfe. It is also 
plain that the rays of the heavenly bodies coming from 
space into our atmosphere mmst be refracted, and thus cause 
the objects whence they come to appear rather above their 
true pLice, as the eye at d', in Big. 26, sees n' in the direc- 
tion b' c, rather above its true place^ This forms one of the 
sources of error to be allowed for in all astronomical observa- 
tions ; and tables are calculated for finding its amount, which 
depends on the apparent altitude of the object, and tlie state 

wax, which, by tilling up its hollows, will render it transparent. This is 
also the reason that paper, by being wetted or oiled, becomes less whHe 
and more transparent, reflecting less light and transmitting more. The 
hydrophone, already mentioned (27), is another example. 
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of the barometer and thermometer. Owing to the very small 
refi?active power of air, however, this error is hardly sensi'^le 
when the object is high, but increases rapidly towards the 
horizon where it becomes 33', or rather more than the sun’s 
or moon’s diameter, so that these bodies may appear just 
clear of the horizon w'hen they are completely below it. As the 
density of the air diminishes gradually upwards, atmospheric 
refraction is not, like that which we have just considered, a 
mdden change of direction, but the ray actually describes a 
curve, being refracted more and more at every stop ; and 
this applies equally to the light from a distant terrestrial 
object wdiich is eitlier lower or higher than the eye, because 
it must pass through air of constantly increasing or dimi- 
nishing density. This refraction has therefore to be allowed 
jbr in levelling, which is done by assuming that the light 
from a distant object comes to us in a line arched or cun’ed 
upwards, the radius of which is about seven times that of 
the earth. 

The application of these laws of Dioptrics has also led to 
the understanding of the mechanism of the eye, and hence 
to the imitation thereof by lemea, affording the remedies 
for its infirmities of long and short sight, and disclosing the 
wonders of the telescope and the microscope, 

69. In orddr to understand the action of lenses, we must 
remember that, as a lens has necessarily two refracting sur- 
faces, the direction taken by a ray after passing through it 
must depend mainly on the relative inclination of the tw'o 
surfaces to each other at the points where it crossed them. 
Sometimes one surface partly or wholly undoes the effect of 
the other, and sometimes adds to that efiect. 

Let us first examine the progress of light through a 
piece of plivne or parallel glass, of equal thickness through- 
out. Let A A and n u (Fig. 27) represent portions of tlio 
tw'O surfaces of such glass, and let a ray from e fall obliquely 
on the surface A a at a. To find the new direction which 
it will take, first draw pp through the point perpendi- 
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cular to the refracting surface A A. Now, hy the first law of 
refraction, we know that the refracted ray will he in the same 
plane as tliat which coutuins the incident ray ii<7, and tho 
perj)on(lie i dar p p. In this ])1 aiie, 
therefore, ?ind with any radius, 
draw a circle round the point 
a, and wo find the bine Cyf inci- 
dence to be ir. Now, by reftM- 
ring to the tables, wo find the 
index of the refraeiioii of ^laffs to 
vary from 1'52J to l*t58, accord- 
ing to the kind of glass. But, 
fur sinijdicity bake, wo may sup- 
pose it to be g‘'ncraUy about 3 J' 
times that of air, ^J^herefore tho 
sines in air and in glass (to the 
aamc radius) will bo as 3 : 2; and by making the sine in 
glass (viz. y) 0 (jual -J- ofay we find the new direction of the 
ray to bo a mooting tho second surface n b at Hero 
w'o en'ct a new perpendicular j?' ^/, and draw a new circle 
w'hich is obviously in the same plajjc with the former circle 
round a, and (supposing both circles to be equal) it is evident 
that tlie sine y in tlio second cii’cle is equal to y in the first. 
Now, tlie new bine in air (viz. a/) must be I J times the 
length of y or y, and will thcrcfoi’e just equal the original 
sine Ileiico w e see that the emergent ray h b' will have 

the saino'dirociiou as the original incident ray » a, though 
not in the same line w ith it. Thus we see that a ray can 
suffer no pcrnuincut change of direcUon by passing through 
a parallci-sidod plate of any medium, although it suffers a 
small latt?ral displacement depcjiding on tho thickness of the 
plate, which dis])laceiuout may be easily seen in viewing 
this page through a piece of thick glass, 

70. This property' of parallel-sided glasses, by which their 
second smffaco exactly undoes tho refractive 'Effect of the 
first, renders tlicui so well adapted fr>r windows. But by 


Fig. 27. 
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iJie Bame reasoning which shows us that two parallel sur- 
faces will compensate each other’s effects, we shall also see 
that, to produce this compensation, the surfaces must be 
parallel; so that glass of unequal thickness displaces and 
distorts objects seen through it. Any glass having two 
plane surfaces, not parallel, is called a prism ; and it perma- 
nently alters the direction of every ray passing through it, 
the change being greater in proportion as the inclination of 
the two surfaces * is greater. On looking through it, all 
objects are seen removed from tbeir true place towards the 
hose or tldeJcer part of the prism, w hether that be turned < 
upwards, downwards, or to either side. 

71. But however much a prism irmy change the general 
direction of each pencil f of light that passes through it, it 
can effect no change in the relations of the various rays 
w'hich compose each pencil. These all proceeding from one 
point necessarily diverge (55), hut the further we recede 
from their point of origin, the less divergent will any small 
portion of them he ; and when the point is at a vast dis- 
tance, as in one of the heavenly bodies, all the rays of each 
pencil may be regarded as parallel, although the different 
l^oncils have different directions. 

Now, no jflane surftice or combination of plane surfaces 
can ever im?roasc or diminisb the divergence of a pencil 
passing through them, still loss render a divergent pencil 
parallel, or vice versd; and as in the eye and all other 

* Technically called the rtfracting angle, 

f Pencils of light are so called from their property of painting on a 
screen an image or pictur# of the points tw hence the pencils originally 
came. This resemblance is not seen in any one point alone, but when 
the other pencils, proceeding from all the surrounding points of the object, 
are each separately concentrated on as many different points of the screen, 
all these points or Joci shine with the same qualities and intensities of 
light, relatively to each other, as did the corresponding points of the ,, 
object ; so that they must form an exact picture thereof, such as is painted . 
on the retina of fhc eye and in that beautiful toy the camera obscura, which , 
is an imitation of the eye. ^ 
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optical mstruments it is uocessary tliat this sliould be done, 
and even that they he made to converge and meet or focalize 
in one point, and again diverge therefrom as from a new 
source, advantage is taken of the retractive eifect of the 
curved Burfaces of convex and concave lenses,^ It is obvious 
that a pencil of parallel rajs meeting with a curved surface 
must all have dilierent inclinations thereto, and consequently 
all must undergo dltfcrent amounts of refraction, so that 
they can be no longer parallel alter passing through the 
surface. Now, whether they be entering or emerging from 
the surface, tliat is, w^hether they pass from a rarer medium 
into a deusoPjt or vice versa; in either case they will be 
rendered divergent if the siu-face of the denser medium be 
concave, and convergent if it be convex. Let us furtber 
inquire into the opposite eftects produced by these surfaces 
upon a single pencil of light, the rays of which are not 
parallel, but either divergent, or already rendered convergent 
* by the action of some other surface. 

* When the various pencils coming from any object arc thus eeparatcly 
focalized in different adjoining points of space, these points evidently form 
a repetition or image of tlie object, suspended in space, and differing from 
a real object only in Uiis — that each point of a real object radiates a sphere 
of light, so as to be seen in every direction, whether the eye be above, be- 
low, or on any side of it, while each point of an optical image radiates only 
a cone of light so as to be seen only by an eye placed in that cone. 

This image may be either larger or smaller than the object, and may be 
brought as near to us as we please, so that we may examine details in it 
which are invisible in the real object on account of its distance. Such an 
image is formed in every telescope and in every compound microscope. In 
the latter it is larger than the object ; in the former incomparably Awn/Zer; 
but in both it is brought very near the eye, &o near to be seen without the 
inten'ention of an eye-glass, the action of which is (by combining with that 
of the lenses of the eye itself) to render it for the time unnaturally short- 
sighted, For by adding other lenses to its own, the eye can be made to 
see at the distance of an inch, or even one- tenth of an inch, as in using a 
simple microscope. 

t Optical density or refractive power is here meant, which is not pio* 
portional to mechanical density in different substances. For example, oil 
is mechanically rarer but optically denser than water. 
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Fig. 28. 



First, 33y convex surfaces every pencil already convergent 
is rendered still more so. Thus tlie rays u (Fig. 28), pro- 
ceeding through a convex surface to a, arc made to converge 
more quickly than before, so as to focalize sooner than they 
would otherwise have done. With regard to divergent rays, 
they are at least rendered less divergent by passing through 
this kind of surlace. Thus the rays at A passing to B have 
their divergt'nce diminished. But in certain cases, viz. 
when their original divergence is not too great, it may be 
alfcogether destroyed, and they may be rendered parallel, as 
the rays b proceeding to c ; and if their divergence had 
been still less, or tho surface more convex, or the medium 
more refractive, they might at once be changed from a 
divergent into a convergent pencil, as the rays from B 
passing through two convex surfaces to 3>, become con- 
vergent, an effect which might have been produced by a 
single surface, if it had been sufficiently powerful. 

Secondly, By concave surfaces, on the contrary, a diver- 
gent pencil is made to spread still faster, as in going from 
B to A, Big. 29. And a convergent pencil has either its con- 

Fig. 29. 



vcrgence diminished, as from a to B (thereby delaying its 
focalization, though not preventing it), or its focalization is 
prevented by rendering it a parallel pencil; as in passing 
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from B to c ; or if the supfkce be strong enough, the pencil 
is changed from convergent into divergent, os by the joint 
action of the two surfaces n and n. 

72. The focal length of a convex surface or lens is the 
distance at which it will focalize a pencil of rays previously 
parallel, or at which it will therefore form on a screen a 
distinct picture of any very distant object, such as the sun 
(p. 115, note). This is also the distance at which it must 
be placed from the source of any divergent pencil to render 
it parallel. But the focal length of a concave lens is equal to 
that of a convex lens, such as will just neutralize it and 
produce the effect of a plane glass : or, it is the distance at 
which a pencil which it renders parallel, or just prevents 
from focalizing, would have focalized, if not intercepted 
by it. 

73. Although refraction is a property common to light of 

all kinds, yet this property is not possessed equally by dif- 
ferent kinds of light. As sounds differ in many respects 
T)eBides loudness, and as radiant heat (apart from any differ- 
ence of intensity) differs in the qualities of rcfranglbility 
and absorbability by different media (56), so also do rays of 
light differ in the degrees of these same qualities, independ- 
ently of their difference of brightness ; and these differences, 
in so far as they are distinguishable by the eye, constitute 
colour. Differences of quality, not distinguishable by the 
eye, constitute (85). 

The law of refraction, that the sines of incidence and 
refraction always bear the same ratio at the same surface, is 
true only as regards rays of the samt'* colour, or coming from 
objects of the same colour. Moreover, light, which wo call 
eolowrlese (as that coming immediately from the sun), really 
contains light of all possible colours so mixed as to neutralize 
each other. This capital discovery was made by Sir Isaac 
Newton in the following manner: — Having closed the 
windows of his apartment, he made a small hole in the 
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window-shutter, bo as 
to admit a suiihoain B 
(Fig. 80), which, pro- 
ceeding in a straight 
line, illuminated a spot 
on a screen placed to 
receive it at a. Now, 
by means of a prism, 
which we have seen 
(70) effects a permanent 
change in the direction 
of the light that passes 
through it, wc can turn aside this sunbeam in every direc«» 
tion. Thus, if the base of the prism be downwards, tbo 
beam will be turned downwards ; but a prism turned bafi{ 5 f , 
upwards, as at p, will refract the beam upwards, so tliat 
wdll no longer illuminate tlie spot a , but some spot much 
higher, as s. Now, it is very remarkable that this spot s, 
instead of being similar to a in shape, is greatly elongated^ it*^ ^ 
breadth remaining unaltered ; and, whereas a was colourlessj. t 
the lengthened spot s exhibits a continued gi^adation of the 
most intense colours, the lower end being red, w^hich passers 
upwards intc^ orange^ this into yellow^ then green. Hue, indigiK 
and violet, w'hich is at tlie npxjer end. The very Ban?t; 
colours will be seen, and in the same order, whatever wry 
the prism may be turned ; for, whether the spot s, which is 
called the prismatic spectrum, be above, below', or on either 
side of A, its red end w'ill always bo nearest, and its violet 
end farthest from a. ® 

Henco wo see tliat the various rays composing the 
parallel pencil b do not remain parallel after refraction, even 
by tw-o plane surfaces (contrary to what has been advanced 
(69)), and consetiuently these rays must have suffered dif 
ferent amounts of bending, though falHng on the prism 
under precisely similar circumstances; and this will be found 
to be true also in every other case of refraction, whether 


Fig. UO. 
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produced by a prism or by a single surface, and wbetber by 
glass or any other solid or liquid medium. The same rays 
iu'it are most bent by passing from air into glass are also 
bent in passing from glass into air, or into water, or 
other medium, and are therefore said to be the most 
tejlranyible. 

Moreover, it appears that the rays which are least bent are 
ail^mys red, those most bent always violet, and the others of 
fel^rmediatG colours, though before separation they were 
iiTOurloas. It became an interesting question, then, whether, 
if j ennited, they would again compose colourless light, and 
Newton proved by many convincing experiments, the 
complete of which perhaps consisted in receiving the 
-ijiji^gont beam at s, oji a convex lens, when the focus at 
aU the coloured rays met was found to bo perfectly 

iAv.'. .1 - 



11 ', liowevcr, in this last cxporlmeni, the lens be not 
t 0110 ligh to in<‘lu(lo the whole oi* tlu* colouri'd beanq, or if 
tion thereof be purposely iii 1 (‘rc(‘ple(l, tho focus of the 
ipeTnaiuder will not be white, but tingl'd with some colour, 
vhiob will be palo if only a small portion of the s])eetnnnbo 
intercepted, but more decided tho more of the Hpectrum 
be onjitfciul from its comjiosiiion ; and there is no colour, tint, 
er shade, in tho whole cinde of nature or art,*w^iicli may not 
\ • < ' us exactly ri'produccd by a mixture of ])arl only of tho 
cou»'»oueutsof white light. 

I US important fact may bo fuHlicr shown thus. If wo 
through a prism at some small white ohject or s])ot on 
a l^h'vJc ground, it -will be si'cn not oi^Jly out of its ])lace, but 
Jl.^henoll, and coloured with tlio entire series of prismatic 
e. jo *rs, forming a complete spectrum, of which tlio red end 
is nearest the true place of tho spot, as seen without the 
prism. The same w'ill occur if tho spot bo yrey or of a 
Kicutral tint, showing that, iliough it njflects loss light than 
the white object under tlie same circumstances, yet it reflects 
the same kind of light, or a mixture of the same colours. In 
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faxjt, a good neutrid tint should diifor in no respect from a 
white le%9 illuminated^ so that, by regulating the intensities 
of light wliich they receive, they may be made to appear 
exactly alike. But, if the object examined through the pri»m 
be coloured, it will not be lengthened bo much as the white 
or grey object ; for some portion of the spectrum, cither one 
end, or both ends, or the middle, will be mkaing, and the 
portion whicli appears will sliow what portion of the ccan^ 
plcte, or solar, spectrum must be focalized, apart from tW. 
rest, to imitate the colour of this object. ^ 

, if the object here used be of a very pure and 
intense colour, such as vermilion or Ultramar in \ it ^ 
will scarcely appear elongated or at all cLmigtd m tS 
appearance, showing that all the rays coming from it 
are nearly of the same kind and equally rcfrangiblt*. 

But New'ton showed the difRircnt rcfrangibilitic s of 
these two colours by the following very simple auJ ^ 
conclusive ex])6riment. A little rectangle of })aper, 
coloured half red and half blue, as n n, Fig. 31, was 
placed on a black ground and viewed through a pi ism. 

Wlien this was so turned as to see the paper aboie 
its true place, as at 2 ? /?, the blue half was seen raised 
higher than the red half, as here shown ; and wlum 
both were depressed below their true place, as at b /•, 
the blue w’as seen to be depressed the low'est, so thc'L 
in both cases it was more displaced ; i. c., its rays were mot 
refracted than the red. 

If this experiment be varied by using the two colours fine! 
powdered, a]id mixmgithem together so as to appear 
neither the red. nor the blue grains being distinguishable h 


the eye, the prism will nevertheless effect their compk! 
apparent separation, so that, if the spot of purple be small, 
will appear to be divided into two distinct spots of red ai 
Ihie; but, if it be too large for its two images to be detached, 
will only ag^^ejirfi'inged with red on the upper edge and bh 
on the lower, or vice versd, the middle part, where they ov€ 
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Fig. 32, 



all the innuTnerablo pencils coining from the clilferent points 
of each Haine will he con(‘eutrated on difterent points of tfeo 
screen, so ns to form an exact imago of the candle, if thi% 
screen be at that precise dislance from the lens at^\bieh the 
rays focalize. As the rays from the lo^er candle, ho\^e>'‘erj 
go 1o the upper image, so those from the foot of ea(*h ilatxiti 
go to the top of the imago, and vice versd, so that both the 
images are iinerted. Now, place before the two candlt^ a 
blue and a red glass, as h r, tbe linages w ill of course assuste 
the colours of the glasses ; hut it w ill now be found impossible 
to place the screen in such a position as to make hofh imng^ 
distinct. I'hib can onl^ be accom]>lihliod by reeching theMi 
on' separate sc*reens, Aiz. the blue image on a screen 
rather nearer the lens than that which receives the red 
image. Tiiej woll ihen be more distinct than they can fevet 
be made to be without the coloured glasses. 

If wo point a common (noii-achromatic) telescope to a 
blue and a red handbill at a slioi’t distance, wo shall have t( 
draw it out to a greater length in order to read iho red tba^n 
the blue bill. Hut with this both can be read <ai 

a greater distance tlAu a 
w'ill be observed in 
darkcnbig glass. 

For tbe same of a burning-glass, wbici 

is in fact ojajcnl onigo of the sun, is neror perfectly 
distinct, but 'confused by a blue or a red bordt't 

because the various coloured rays of which sunlight is con 
posed cannot all be focalized at once. 
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76. As tlie same cause for imperfect focalization exists 
in cv(.Ty refractive' medium of which a lens could be formed, 
I^ewtoii concluded that no good telescope could be made on 
the dioptric principle, and that the only perfect focus "would 
be that formed by reflexion from mirrors or specula, as 
explained in the case of heat (58) ; for the law of reflexion, 
unlike that of refraction, is the same for all rays, of what- 
ever colour. He therefore turned his attention to devising 
a telescope that should act by reflexion^ and soon invented 
that noble instrument by which, almost without a change, 
except in size, the latest discoveries of Herschcl an^ Lord 
liosse have been made. 

But we owe this grand invention to an oversight of 
Newton ; for soon after his death it appeared, from a closer 
examination of the })henornena of colour by Euler and others, 
that what Newton had regarded as impossible, viz. refrac- 
tion without dispersion of colours, was possible ; and another 
Englishman, DoUond, had the merit of first aceomplisliing 
jthis by an application of tho same abstract principle which 
^ displayed in the compensation pendulum, and may be 
thus exemplified. Although we can find no metal which does 
not expand by heat, so as to bo no longer in summer than in 
winter, yet, because all metals do not expand in the same 
ratio to their entire length, wc can so combine them as to 
form a pendulum whose length shall never vary; for its 
length can be made to depend on the difference betw'ecn the 
lengths of two bars of diftcrent metals, which, though of 
unequal lengths, may yet expand by an equal increment for 
the same increase of temperature, so that their difierence may 
remain invariable. In the same manner, although we know of 
no solid or liquid which Tefracts all the colours equally, and 
although the same colour which is most refrangible by glass 
is also most refrangible by water, oil, or any other medium, 
yet, because the ratio between the refractions of the moH and 
, least refracted rays is not the same for every medium (75), 
ve have the means of so combining tw'o media as to refract aU 
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of certain refrangibilitios ratlier than others, so that tho 
least absorbable rays are left either to be reflected from 
their surface, or transmitted through their substance to a 
greater depth than tho more absorbable rays can penetrate ; 
and in either case we name the colour of the body after that 
of these least absorbable rays. Thus, red glass is so called 
because it allows the red rays to penetrate through a greater 
thickness of it than the otlicr rays ; but at a certain thick- 
ness even the red rays would be all absorbed like tho rest, 
and we should call the glass black. So, also, ^^iLh the 
reflected colours of bodies which are generally, though not 
always, similar to the transmitted ones.* 

78. That no body, unless self-luminous, can appear of a 
colour not existing in the light that it receives, will be abun- 
dantly proved by observing the appearances of coloured bodies 
held ill the rays of the piismatic spectrum. It will be found 
that no such body can ever apiiear of a difterent colour from 
the rays that fall on it, though it may appear of any shade of 
that colour, even down to llacJc, if it has not the* property of 
reflecting any sensible quantity of light of this particular 
refrangibility. Thus the flow er of a scarlet geranium held in 
the green rays, and receiving no other light, cannot be distin- 
guisbed from black velvet. 

Hence, if a room be illuminated with light of one definite 
refrangibility, all distinction of colour in that room will bo 
lost, and the most brilliant and variously-coloured objects 
will all appear in mere shades, as in a drawing. Such light 
may be obtained from a lamp fed with a solution of comh^ion 
salt in alcohol, ]^^ow•if into a room so lighted there be 
thrown a few rays of common light, as, for instaTice, 
from a dark lantern with holes in it, tho spots oh which 
they fall will appear in their natural colours, like spots 
of bright colours sprintled over an Indian ink drawing, t 

* There is a kind of glass common in the shops which transmits orange, 
but reflects green light ; and another whose transmitted colour is yellow , 
and the reflected colour blue, 

t Jo such alight, the absence of all distinction of colour will not hinder 
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79. It is doubtful, however, whether any source of light 
emits rays of only one definite refrangibilit}’^ ; generally 
speaking, it includes rays of every possible degree of refran- 
gibility, within certain limits;* but in the above case these 
limits are very narrow. In the light of other artiflcitil 
sources they are wider, and widest of all in solar light, 
which includes not only all the colours visible to the human 
eye, but also rays both more and less refrangible than any 
that afiect our optic nerve. These rays are accordingly 
invisible to ua, and have only been discovered hj their 
eifects on other bodies. Those which are more refrangible 
tlian violet light are detected by their action on photo- 
graphic preparations, and by jiroducing other chemical 
changes, whence they are called the chemical rays. On the 
other hand, those rays which are less refrangible than any 
visible rays (even the red) have all the properties of radiant 
heat coming from bodies of a lower temperature than 800® 
Pahr. 8ucb heat is less refrangible than red light, and wo 
have already seen that common radiant heat, like common 
light, is a mixture of rays of various refrangibilities. Now, 
if the temperature of a radiating body bo increased, it omits, 
in addition to the rays previously emitted, others of a higher 
refrangibility, till, when it attains the temperature of 800®, 
some few of its rays become as refrangible as the least 
refrangible rays of light, and accordingly become like them 
visible^ and affect us with the same colour, so that/ the 
radiating body is then said to bo redA\ot, If it bo heated 
more, it emits, in addition to the red, still more refrangible 
rays, viz. orange; then (at a higher temperature) yellow 
rays are added, and so on, till, w'^bon the body is white-hot, 
it emits all the colours visible to us ; and in some cases (of 

U8 from performing all the most delicate ^ces of vision, as reading, 
working, drawing, or shading a drawing ; wh^ce may we understand how 
Buch operations are performed by those who have the singular defect of 
colour-blindness, or insensibility to differences of colour, as was the case 
partially with Dr. Dalton, the great chemist, who could only distinguish 
the fiuit of a cherry-tree from its leaves by their form. 

* A most remarkable cxceplion to this will he noticed prcBent1y<i 
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very intense heat) even the invisible chemical rays, more 
rcfraugible than the violet, are emitted, though in less 
quantity than in the solar rays. Thus light appears to be 
nothing more than visible heat, and heat invisible light, 
their difference being only in the dcp*ee of certaui qualities, 
and in the human eye being fitted to perceive one and not 
the other, as the ear can appreciate vibrations more rapid 
than 16 in a second, and not less rapid ones. 

Of the various rays composing solar light, the most 
visible to the human eye are the yellow ; but thostj which 
have the greatest heating effect are tlic fiiintefet red, or 
rather those invisible rays which arc a little less refrangible 
than the red. Hence bodies whieh absorb Ihe red rays 
become more healed by the sun than those whicli reflect 
them ; blue cloth, for instance, becoming sooner hot than 
red cloth of the same depth of colour. 

80. It is a singular fact tliat solar light, although em- 
bracing a wider range of rcfraugibility than any other, does 
not include rays of all possible degrees of refrangibility that 
can exist within this range. This cannot be disco\orL‘d 
from the spectrum formed as in Pig, 30, because as the 
beam r contains rays from all parts of the sun’s disc, of 
which those from the top are inclined 32' more than those 
from the bottom, rays having the very same refrangibility 
w^ill, from this original want of parallelism, be refracted to 
different parts of the speetriiin, diverging in a cone, of 
which the vortical angle at p is 32' ; so that tlie bases of 
innumerable such cones overlap to form the spectrum s, 
every point of which therefore receives rays of various 
refrangibilitics. To obtain a paw spectrum, that is, one in 
which all the rays of the same refrangibility arc separated 
from the rest, and confined to a single line across the 
spectrum, we must \<Mi through a prism at a line of light 
80 narrow that it may appear dispersed by the prism to# 
some thousands of times its real width. When tliis is done 
vrith the finest prism, and magnifying the spectrum by a 
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telescope, it is found to be, not a continuous band of 
coloured light, but interrupted by numerous parallel dct/rh 
lines across it, of which nearly 600 have been county. 
There is no sort of regularity in their sizes or arrangement, 
which are so unequal as to give to some parts of the spectrum 
the appearance of a shaded riband. Their number and 
order are invariably the same, provided the light be solar; 
no matter whether direct, or reflected by white or coloured 
objects, by the clouds, the air, the moon, or the planets. 
The fixed stars, however, give other systems of lines peculiar 
to themselves. Sir Da\T[d Brewster discovered the remark- 
able fju;t that artificial light, which commonly contains no 
such lines, may be made to exhibit them by causing it to 
pass through a small thickness of nitrous acid vapour, which, 
by its peculiar absorptive power, selects exactly those 600 
rays of definite refrangibilities which are missing in sun- 
light. Hence it aj)pears probable that they are not origi- 
nally deficient in solar light, but have been absorbed in 
coming through the sun’s atmosphere. Tho absorptive 
power of our atmosphere will not account for the pheno- 
menon ; for in that case it would be seem alike in starlight 
and in daylight, and much stronger in the latter when the 
sun is near the horizon, than when he is high : this, how- 
ever, has not been observed. By passing daylight through 
the nitrous acid vapour, all its lines became more marked 
and wider tiU they run into each other. 

Other media exhibit no less remarkable cases of the 
special absorption of particular rays, and the rejection of 
others, very slightly differing in refl'angibility. Thus the 
. vapours of iodine and of bromine both absorb such rays as 
to cut up the spectrum into equidistant lines, probably 
about 100 iu number. Common blue^lass greedily absorbs 
the orange rays and also the middle of the red, leaving the 
orange-red betw'ecn the two scan*ely w^eakened, while tho 
extreme or least refrangible red rays are loft so nearly 
untouched, that by contrast witli the rest of the spectrum 
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they appear increased in brightness : this is, of course, an 
illusion. But when the glass is so thick as to absorb a 
great portion of the blue rays, it still leaves these red rays 
harSly diminished, so that its colour at this thickness is no 
longer blue, but crimson. A similar effec*i occurs with a 
solution of sap-groen, which allows red light to penetrate to 
a greater distance through it than through green, so that 
great thicknesses of it appear red. Some of Brewster’s 
experiments have led him to conclude that rays of the same 
refrangibility may differ in colour and absorbability; hut 
this is a point not yet sufficiently settled. 

81. As each point of a dull siirlace reflects an equal 
intensity of light in every direction, while each point in a 
polished surface may present different intensities from dif- 
ferent points of view; so there is a similar distinction with 
regard to coloured bodies. In the great majority of these, each 
point reflects the same colour in all directions ; but in some 
cases (as mother-of-pearl, soap-bubbles, <fcc.), each point may 
reflect different colours in difierent directions ; and then wo 
call the surface iridescent. Now, the doctrine of absorption 
is plainly inapplicable to these colours, which arc often (as 
in the soap-bubble) seen in a film of matter infinitely too 
thin to exhibit its preference of some rays to others, even if 
it have any sucli preference, for it takes a thickness of many 
feet of water to exhibit colour from this cause. Moreover, 
the iridescent colours are more decided the thinner the film, 
and are not seen when it exceeds a certain thickness. 

We have already mentioned (25) the means by which 
Newton investigated tjiese colours of thinness, and mea- 
sured the exact thickness necessary to produce each colour. 
He further ascertained that they are independent of the 
material of the film, and even appear when there is no such 
material, the only essential condition being the approach of 
two refracting surfaces within a certain minute distance. 

By examining the colours through a prism, he found that 
they were in no case simple (or possessed of one definite re-^ 
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frangibility), but that each iridescent tint was a mixture of 
certain rays of the spectrum, which rays alone were reflected 
by a film of this particular thickness, the remaining rays being 
transmitted by it, so that the transmitted as well as the re- 
flected light is coloured, and the colours of the two are com- 
idementary^ i. e., each contains just what is wanting in the 
other to constitute white light. Any change in the thickness 
causes some rays that were before reflected to bo transmitted, 
and vice versd, so that whether the rays of any definite 
refrangibility shall pass through the film or bo reflected, 
depends entirely on its thickness. 

ISTewton, therefore, examined these films (or the rings, 
Pigs. 11 and 12), when illuminated by rays of one colour 
only, instead of common mixed light, and ho then discovered 
these astonishing facts, that if red liglit of a certain definite 
refrangibility pass through two surfaces whose distance 
apart is Yt tiyb n inch, or Trf?nr?r> or rrswinrj or 

Ts-S S-ow 0^ i^oh, a great deal of it will be reflected ; but, 
if the space between the two surfaces be or Ty- pVyd y 

or or tKSow of an inch, none of this light will be 

reflected. Again, light of another definite refrangibility 
w^ill pass through without reflexion, only when the surfaces 
are xodWffj TMHToirj ToirWo» of an inch apart, and will 
be reflected most when their interval is T noVgo * TBTnnnr> 
T d ii \dU f or any other odd nuhiber of IGOOOOths ; and each 
ray in the spectrum will be most reflected by these surfaces 
w^hon they have a certain minute but measurable interval, 
or 3, 5, or any odd number of times that interval ; but it 
will pass through them unreflected^when they have 2, 4, or 
any even number of times that interval ; and this interval is 
the same for all rays of the same refrangibility, but different 
for those which differ in that quality, being always shortest 
for that ray wliich is the more refrangible ; and being only ^ 
so long for the most refrangible violet rays, as for the leasi 
refi^gible red ones. 

82. An innumerable variety of other phenomena dis- 
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covered since Newton’s time have all concurred in esta- 
blishing this wonderful fact — ^the periodicity of light ; or, in 
other words, that the inarch of every ray of light through 
space is accomplished by equal and rogulair steps, the num- 
ber of which in a given space is exactly measurable, though 
in different rays it has every possible value within certain 
limits. We may therefor© identify a certain ray by the 
length of its steps. For instance, of the GOO definite rays 
which are missing from the solar spectrum (80), lirt us 
take the seven whose absence is most conspicuous. One of 
these is among the red rays, and it makes just 3G,919 stops, 
or rather paces, in an inch; another is a green ray, and 
makes 48,289; another is violet, and makes 64,C31 paces 
per inch. These are no matters of theory, but experimcntjil 
facts. What the action may be wdiich thus recurs at regular 
intervals in the progress of the light, we know not ; but 
this we know demonstrably, that an action of some kind is 
repeated, at equal intervals, 64,631 times during the passage of 
this ray through an inch of space ; but wo also know that this 
action can pass through 192,000 miles of space in a second 
of time (62), whence it may easily be calculated (and we 
must beliove, however little we may understand it) that the 
action in question is ropeatci regularly 786,000,000,000,000 
times in a second ; that in the green ray a similar action 
recurs 587 billions of times per second ; and in the red ray 
449 billions of times ; and that it is by disiinguisliing be- 
tween these different rates of vibration (for any regularly 
repeated action may be called a vibration) that the optic 
nerve distinguishes colours. 

The velocity of all raj^s being equal in vacuo,* it follows, 

• As sound of all qualities, so light of all colours, travels with the same 
speed, at least in air. Otherwise, the aberration (62) being different for 
each colour, everf star would appear lengthened into a spectrum in the 
direction of its aberration. Nor is this equality confined to our atmo- 
tphere, but extends throughout the solar system; otherwise Jupiter’s 
■atcllites would appear to change bine or red just before their eclipses, 
and assume the opposite colour on their reappearance. 
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that wliite light may he compared to a crowd of men and 
children all running with the same speed, but -vsith steps of 
various lengths, the shortness of tho steps of violet light 
being compcMisatod by ihmr frequency , But, when any ray 
enters a medium, its number of steps per inch is increased 
in the ratio of 1 to the refractive index of that medium 
for this particular ray. Thus, as the time occupied in per- 
forming a step must remain unchanged,. while the length of 
step is diminished, it follows that tho progress of the ray 
must be slower in the medium than in vacuo. Moreover, 
those media which refract the different rays unequally must 
retard th(‘Tn unequally, so that in solids and liquids their 
velocity is no longer quite equal, but the red travel a little 
the fastest, and the violet slowest, this difference being 
greatest in tho most dispersive media. 

83. It is proved mathematically, that all tho effects of 
refraction are simple consequences of this retardation^ w'hich 
is a law of a more general order, and is proved by numerous 
phenomena where there is no refraction. All the phenomena 
of iridescent or periodical colours were first generalized by 
Dr. Young, w'ho proved by direct experiment this most 
singular fact, that when two rays of light of the same 
refrangibility, or length of step, travel together, or fall on 
tho same spot of ihe optic nerve, they do not. double each 
other’s effect unless their steps correspond; but if, while 
keeping correct time, their steps are reversed y then, like those 
of ill-trained recruits, they absolutely (if of equal intensity) 
neutralize each other, and dbuble light produces darkness, 
just as double sound produces silence in the phenomena of 
heats. Howwer at vanance this may seem with common 
experience, it is found to bo strictly true as regards single 
rays having one definite direction and refrangibility, though 
lost sight of in the heterogeneous mixture of all sorts of 
rays, pencils, and beams, wdiich meet us at every turn. The' 
direct proofs of this interfTcnce of light, therefore, require 
considerable care and nicety but numberless indirect proofs 
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are afforded by the perfect manner in which it explains all 
the phenomena of iridescence. 

As we have twice alluded to the 
colours of thin films, we will again 
choose this example, as showing one of 
the simplest applications of the principle 
of interfen uce. Let p (Fig. 33) repre- 
sent such a film, on which common 
light is falling in the direction of the 
lines K, B, and let k be a ray of 
and b a ray of blue light, the 
periods or piices of the latter being 
shorter than those of the former. A 
portion of each ray is reflected without 
entering the film, the rest enters it, is 
reflected from its back surface, and 
emerges again, and, though twice re- 
fracted by the front surface, it \s ill ob- 
viously emerge parallel with the former 
portion ; but, as it has lost a few steps 
in travelling twice through the film, its 
steps may or may not correspond with those of the first 
portion. In the case of the ray b they do not coiTespond, 
while in B they do, simply because the latter ray took an 
exact number of pades to travel twice through the film, while 
B took an odd number of half-paces. Thus it appears that a 
film of this thickness will appear blue, because all the red 
rays reflected from it destroy each other, wdiile all the blue 
reinforce each other, at least when the rays fall at this angle 
(and the colour of such film varies with the angle of sight, 
as well as wdth the thickness). But by a very slight change 
of thickness, as at p', the contrary may take place, the red 
ray making an even^ and the blue ray b' an odd number of 
balf-paces in twice traversing the film ; so that the former^ 
will reinforce^ the latter destroy each other, and the apparent, 
colour of the film will contain more red than blue. 'l. 


Fig. 33. 
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84. The phenomena of interfirence plainly indicate that 
the periodically repeated actions constituting light are alter- 
nately opjiosed to each other, otherwise they could not effect 
their mutual destruction. JJence the intervals of space at 
which they recur are called waves of liglit, in precisely tlie 
same sense that we spe^ak of weaves of sound (15 and 44) ; 
which by no means implies that the action must resewhle that 
of sound, any more than the latter resembles the undulation 
of water, or of a coni-iicld, or of a shaken carpet, all of 
which are totally different actions, though all alike constitute 
waives ; because this is a general name for any alternating 
motion or vibration propagated from place to place.* 

As a mvsical note may be produced by the reflexion of 
a common non-isochronous noise from a large number of 
parallel equidistant surfaces (45), so may* colour be pro- 
duced by the reflexion of colourless light from a similar set 
of surfiu'cs. An exceedingly fine grating, or a set of parallel 
grooves or other linos, so near together as not to include 
man^ waves of light, produces iridescent colours. IVIother- 
of-pearl owes its appeai’ance to this cause, it being cuinposed 
of distinct lamina?, so that any artificial ground surface 
cuts them all obliquely, and exposes their edges like those 
of the leaves of an open book, forming regular grooves, of 
which there are several thousand in an inch. That the 
colours depend on this configuration of surface, will bo plain 
by taking a cast of it in wax, which will display the very 
same iridescence as the original. 

85. Our limited space will only admit of a very brief 
notice of the last general property of light, namely, its 
polarization* If a round hailstone drop upoii the sloping 
roof of a house, it will act, as regards its rebound, just in 
the same manner wrliether the slope he tow'ards the north, 
south, east, or west. But this w^ill not bo the case with an 

* The facts now under consideration are totally unintelligible if light 
be regarded as matter; for two material particles cannot annihilate each 
o^er, as two rays of light do, and as two forces or motions can. 
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arrow under the same circumstances, because it has a dis» 
Unction of cides, and its behaviour will vary according as the 
plane of its barbs is parallel with tlie eaves or with the 
rafters of the roof, or inclined to both. A bullet in its 
flight from a gun has also sides to its motion (though not to its 
form), because it revolves on an axis, which may be vertical, 
liorizontal, or inclined ; but, if shot from a r^le, it has no 
such sides, because, though spinning on an axis, that axis 
has, by a particular contrivance, been made to coincide with 
its line of motion, so that it presents the same aspect above, 
below, or on either side. Now, if these projectiles were too 
small or too i^apid for us to discover the reason of these 
differences, we miglit still obsen^e the differences them- 
selves, and should express them by saying that the motion 
of the arrow or the gun bullet possessed polarity, or polariza^^ 
iion, which w as not the case with that of the hailstone or 
the rifle bullet. Polarity, then, means simply a difference 
of sides. 

That a ray of light should, in some cases, possess tliis 
property, is not perhaps so wonderful or unexpected as that 
man should ha^'e been able to detect a fact so refined and 
remote from common observation, and even to distinguish 
different varieties of it, and investigate its laws. Indeed, 
these must be regarded as the very penetralia of physics, 
the inmost secrets of nature that man has been enabled 
to wrest from her. If the measurable spaces occupied by 
the waves of light be minute, how far less, in aU probability, 
must be those immeasuralle spaces to which its vibrations 
are confined (which even in sound are mostljr inappreciable, 
though the waves occupy many feet) ; yet it is to the posi- 
tions of these inconceivably minute vibrations that the 
differences of polarization are due.* 

These differences are not sensible to the eye, hut are 
arrived at by inductive reasoning from such facts as the 

♦ Differences of intensity depend on their extent ; differences of colour’ 
on their frequency ; differences of polarization on their form and direction. 
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following. Let n (Fig. Sda) represent a ray of liglit, wliicli 
in its progress meets 
(obliquely) with the sur- 
face s; a portion of it 
will bo transmitted, and 
the rest reflected in the 
direction s a. Now, by 
malting s rovolvo round 
an axis coincident with 
the ray n s, wx may obvi- 
ously reflect it in various 
dinjctions successively, 
as SB, so, s n, s E, s f, b g, s n, all making equal angles 
with the original ray SB; and, if this bo destitute of 
polarity, tliere is no reason why it should behave differently 
when reflected in these different directions, nor will a dii'ect 
ray from any luminous source do so. The reflected light 
wdll bear the same proportion to the transmitted in each 
case ; so that all the rays s a, s b, &c., will be of equal 
intensity. But if wo find that they are unequal^ the trans- 
mitted ray being brighter, and the reflected one fainter, 
when tlie latter is turned in the directions s B and s F (for 
instance), than in the directions s n, or s n, we have distinct 
proof that this light has sid-es, or is polarized, 

(Ir suppose we turn the ray aside by refraction, as. by 
a prism i*. By turning this prism round so as to take auc- 
c(*ssivcl}' the positions showTi in the lower part of Fig. 34, 
at p 1, 2, 3, we may plainly turn the ray upwards, down- 
wards, or sideways, in any of the directions p\,p2,pZ,p^, 
p C), pG,p 7, fS, p9,p 10, p 11, p 12 (the refraction in each 
case being equal). Now, if it behave differently in these 
cases ; if, for instance, it be rcfi*acted doubl}’’, or split into 
two rays of equal intensity when turned upwards or dow n- 
wards, and into two of unequal intensity when turned to 
the right or left, its polarization is thus manifest. 

Or again, if the eye receive this ray through a pkto 
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of some transparent substance c, and if more light penetrate 
this plate when it is held upright, as at c', than when held 
, across as at c (though in both cases perpendicular to the 
ra-y), we plainly learn from this not only the polarity of the 
U^lit, but also that of the substance c, which must evidently 
possess a grain or polarity of texture, a difference of proper- 
ties in different directions ; and accordingly this action on 
light is perceived only in crgstallizeJ bodies, or those which, 
from the action of their molecular forces, assume certain 
definite geometriciil forms, and w’hose polarilg is also mani- 
fest in many other ways, as by their splitting in certain 
directions ratlicr than others, their expanding by heat un- 
equally in different directions, &c. &c. 

The laws of the polarization of liglit form a distinct 
science of vast extent and beauty ; for, though this property 
(first observed by Newton) was never experimented on till 
the present century, yet during this short time discoveries 
have thickened, and have led, step by step, to higher and 
higher generalizations, till at length the lato Prench mathe- 
matician, Eresnel, was enabled, by a magnificent theor}’', to 
bring all these complex and wonderful phenomena under 
the simple laws of mechanics, and by the composition and 
resolution of forces, not only to explain all the phenomena 
then known, hut to predict others the most startling and 
unexpected, and which have as yet been verified w ithout an 
exception. 

Perhaps the most important rule respecting polariza- 
tion is, that light coming directly from a source, as the 
sun or a candle, never possesses this property, while that 
w’hich has been reflected alwags possesses it’ more or less. 
It is very singular that a ray once polarized retains that 
property during all its subsequent course, w hether that be 
for inches, miles, or billions of miles. Thus, with no other 
apparatus than a fragment of a crystal, w^o may examine 
the polarizing effect of the far-distant surface of the planet 
Saturn as readily as that of the page before us. "We may 
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Ascertain ’whether a star at the outskirts of the visible 
universe shines by its own or by reflected light. In this 
way Arago has proved that, in some of tho binary systems, 
the two stars are two suns, while in others the smaller is 
only a vast planet reflecting the light of the larger. In this 
extraordiiiaiy obseiwation we cannot fail to be struck with 
the groat disproportion between the means of observation 
and tl\e fact observed, — and especially with the astounding 
universality of iliis agency, light, which at once pervades 
galaxies and penetrates between atoms. 

86. The polarity of light leads us natjirally to consider 
next those eflects depending on the polarity of matter^ or of 
its ultimate pai'ticlcs ; for this is a general principle, to- 
wards which all physical discoveries seem now to be con- 
ducting us. Some of tlie modes in which this polarity is 
displayed by crr/ftfals have just been alluded to. Crystals 
appear to differ from other bodies in this, — that their parti- 
cles are so arranged as to have all tlieir similar polarities 
in the same direction. The investigation of the laws regu- 
lating their yJvn/?.?, cleavage (or facility of splitting in certain 
directions), rrfrarlian vf lights ^polarization^ and unequal 
exjpansihiliig in dilfereut directions by heat, presents an 
infinite field of research, w'hich haa occupied the attention of 
some of the greatest philosophers since Huygens and Newton 
first (ducidated tlie laws of refraction. 

87. But polarity is displayed in perhaps the most striking 
manner by the phenomena of magnetism, a propertv’^ which, 
by certain processes, can, aa it were, be superadded to the 
other properties of iron and steel without in -any way affect- 
ing those other properties. 

The property of magnets most familiarly known, that of 
attracting common iron, is not spread over the whole sur- 
face of a magnet, but is strongest (in artificial magnets) at 
their two ends, and altogether absent in the middle. But 
there is also an opposition in the properties of the two ends ; 
for, although both attract common iron alike, they do not 
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both attract a particle of magnetized iron, for, on presenting 
them to the poised magnet or needle of a compass, each end 
attracts only one end of the needle and repels the other. If 
we take two magnets, and mark one end of each in such a 
way that both their marked ends have the same action on 
the needle, we shall find that these magnets manifest to- 
wards each other no attraction except between a marked end 
of one and an unmarked end of the other, while between two 
marked or two unmarked ends there is a repulsion. 

This is the njost important law in magnetism, and on 
it depend all th^ effects of terrestrial magnetism, or the 
tendency of the needle towards paiticular parts of the earth 
(so invaluable by its direct application to our wants) ; for 
all these effects indicate that the earth herself acts as a 
great magnet, having her two magnetic poles^ or centres of 
attraction, not far from lier poles of rotation ; the northern 
being near Hudson’s Bay, at a spot reached by our arctic 
voyagers, and the southern in the newly -discovered conti- 
nent of Victoria Land. As these spots are not, however, 
identical with the true poles or ends of the earth’s axis, the 
needle does not (at most places) ppint to the true poles, as 


will be evident from Fig. 35, 
which represents compass 
needles distributed over the 
globe, all lying in the direc- 
tion of lines drawn from 
one magnetic polo to the 
other (only one ])ole can be 
shown in the figure), which 
lines are called magnetic meri- 
dians, and obviously do not 
coincide with the true mori- 
di{ins (represented by the black 


Fig. 35. 



lines) except at a few places, 


such as A A. . Elsewhere there is a magnetic variation or 


declination of the needle from the true meridian, which 
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variation amounts, in London, at the present time, to about 
23° west of north (or east of south) ; and its determination 
in other places throughout the globe is of the utmost 
importance to navigation. Owing to the irregular distri- 
bution of the magnetic force in the earth (as in all other 
loadstones or natural magnets), the variation at anjr spot 
cannot be calculated by knowing its position and that of 
the magnetic poles ; for the line at which there is no varior 
tion (as at a a) is not, as might be supposed, an exact circle 
passing through both the true and both the magnetic poles, 
but an irregular circle, of which the eastern half passes 
through Siberia, China, and Australia, and the western half 
returns from the south pole through Brazil, across the 
islands of Jamaica and Cuba, and so through the United 
States to the north magnetic pole near Hudson’s Bay. 
The farther a needle may be from this line, the greater its 
variation. 

83. But there is no magnetic element, not even the posi- 
tion of the poles, which does not constantly, though slowly, 
vary. Hence the direction of the needle at every spot is 
gradually changing, as the magnetic poles and line of no 
variation slowly revolve round the globe from east to west. 
In 1659 this line passed through England, and it is now 
about 90® of longitude, or as far as possible from it. Thus the 
variation hero, which was eastward of north before 1 658, has 
ever since been westward, and increased up to 1816, since 
which it has slowly diminished, indicating that w'e are now 
rather nearer the Siberian than tho American branch of the 
line of no variation. * 

The needle also makes reciprocating movements of very 
small extent daily, monthly, and yearly, for observing 
which magnetio^ ohservatories have been built and are con- 
stantly attended. They haia^ disclosed tho remarkable fact 
of its undergoing also sudden and irregular disturbances, 
which have been called magnetic storms^ and are found to 
occur at the same instant all over the globe. 
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89. The laws of terrestrial magnetism are also well illus- 
trated by the dip of the needle, or the tendency of one end 
to preponderate, though it were exactly balanced before 
being magnetized. In this country the north end dips about 
68° from the horizontal lino, being more stroiigly attracted 
by the earth’s north pole than the other end by the more 
distant south pole. Hence it may easily be concluded that 
a dippinj needle, or a 
needle poised on a hori- 
zontal axis placed east 
and west, instead of a 
vertical pivot, will, w hen 
carried to either of the 
earth’s magnetic poles, 
stand upright, the end 
which is upward at one 
pole being downward at 
the other. Tlic further 
we recede from cither 
pole, the less does the 
needle dip, as shown in I’ig. 36, vhcre the dotted lines 
represent the lines of equal dip, or parallels of magnetic 
latitude. The magnetic equator, or line of no dip, w here the 
needle, balanced between tho acd^ions of both poles, rests 
horizontally, is not coincident wdth the true equator, but 
nowhere deviates more than 12° from it. 

The intensity of the magnetic force is gi'eatest at the 
poles, and diminishes towards the equator, and both the dip 
and intensity are (like the direction) subject to daily, 
monthly, and ye^ly variations, and sudden storms. 

90. Magnetism is not peculiar to iron and steel, though 
incomparably stronger in them than in other bodies. It was 
proved by Coulomb, and has lately boon confirmed by Fara- 
day, that no substance in nature !b quite indifferent to tho 
influence of a very powerful magnet, but wdth this distinc- 
tion ; very few bodies besides iron can be made to display 
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•>a^ietic polarity, that is, both attraction and repulsion. The 
coat mass of substances exhibit either attraction only (like 
iuaaguetized iron), or else (which is more common) repuU 
ion only; being equally repelled from both poles of the 
laagnot. The former have been classed by Faraday as 
magnetics, the latter as diamagnetics. This great experiment- 
alist has also detected the action of a magnet in modifying 
the polarity of light. 

91. Closely connected with magnetism (though by un- 
known ties) is tliat widely spread, apparently universal, 
cl 'scription of polarity called electricity. If we rub a long 
g!;vss tube briskly witli a dry silk handkerchief, a slight 
crackling noise will bo produced. In the dark the tube will 
appear faintly luminous, and if the finger be held to it, 
a small spark will be seen to pass from the tube with a slight 
^ napping noise. This luminous appearance is electricity ; 

je spark is called the electric spark, and the tube is said to 
> )e electrically excited. On presenting the excited tube to a 
couple of light downy feathers, suspended from the ends of a 
long piece of silk thread, they will be attracted by and 
a<lhere to it. On gently w ithdrawing the tube, they will not 
Ijaug down loosely as before ; they viill repel each other ; and 
on rigain presenting the excited tube, they will be still 
further repelled. ]3ut on leaving them undisturbed for a 
time, the air will gradually rob them of their electricity, and 
they will hang together as at first. 

In this experiment, when the feathers are adhering to the 
glass, they rob it of a portion of its electricity, by w^hich 
iction both become similarly electrified, and they repel cacli 
Dther. The glass tube also, being electrified like the feathers, 
also repels them. Hence we learn that bodies similarly 
electrified repel each other. 

If, instead of the glass rod rubbed wif:h silk, we rub 
fc stick of resin with a piece of warm, dry flannel, similar 
^fleets will be produced ; nor does there appear, from these 
Jsults, to be any difference between the electricity of glass 
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and of resin. Bat if, while the feathers are being repelled 
by the glass, we bring near them the excited stick of resin, 
they are no longer repelled, but attracted. Or if, while the 
feathers arc being repelled by the resin, v» c bring near them 
the excited glass tube, this will attract them, lienee we 
learn* that the electricity of glass must have a property 
different from that of resin, because one attracts what the 
other repels. Now, these opposite pohirities have received 
the names of vitreous and resinous ^ or positive and negative 
electricity; the one being produced from glass and vitreous 
bodies, and the other from resinous bodies. AVe learn also, 
>]iat bodies dissimilarly electr^ed attract each other. 

Let us now examine the substances used to excite the 
glass and the resin. If, when the feathers are repelled by 
the glass, we bring near them that part of the silk hand* 
kerchief used to excite the tube, the feathers will be attracted 
by the silk. Kemove the silk, and present the glass tube, 
lead they will be repelled. Or conversely, when the tube 
lias been excited by the silk, present the silk first to the 
feathers, and they will be first attracted and then repelled. 
If, while in this state of repulsion, we bring the excited tube 
near them, they will be attracted by it. SimQar residts may 
be obtained with the resin and the flannel. AVe see, then, 
that in rubbing glass with silk, or resin with flannel, both 
kinds of electricity are developed ; and it appears that one 
hind of electric polarity cannot he produced without the 
production also of the other hind, either in another part of 
the same hody^ or in distant bodies.* 

Herein electricity reseoibles, and also differs from magnetism; it 
resembles it because neither kind of polarity can be produced alone ; it 
differs from it because the magnetic polarities are so inseparable that both 
must exist in the uatne body; for if we break off one end of a magnet, ilie 
piece broken off will not be a single pole, but a perfect magnet having two 
poles, no magnetic body, however small, possessing one polarity without 
an equal intensity of the other ; whereas the electric polarities can be sepa- 
rately accumulated in different bodies, as in the glass and silk, or the resin 
and flanneh 
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3 markablo and varied than either their thermal or mag- 
etic effects. This is chemical action, or affinity ; if indeed 
Ilia and electricity be not two names for one and the same 
bing, for it is impossible at present to distinguish which 
i the cause and which the effect. From chemical action 
:oing on at one or several points in a circuit, currents flow 
hroughout that circuit incomparably more powerful than 
ny produced by heat or by magnetism ; while, on the other 
land, the feeblest electric currents produce chemical changes 
II the bodies through which they pass, such as can be pro- 
luced by no other known means. All chemical decom- 
wsition appears to be accompanied by a transference of 
ilectricity in quantities exactly proportional to the quan- 
ities of matter decomposed, and always in the same pro- 
lortion for the same kind of matter, though different in 
liffercnt kinds, and closely connected with their specific 
Tavit}’’, specific heat, and other propertic»8. These quantities 
* electricity are immensely greater than those exhibited in 
atical discharges, the quantity that flows from the decom- 
osition of a single grain of water exceeding that of a 
owerful flash of lightning; yet they flow silently, and 
ithout violence, producing only the chemical, magnetic, 
id thermal effects already noticed. These qilan titles are 
orsHver capable of exact comparison and calculation, so 
lat thtfr effects, when certain data are known, may in all 
,scs be exactly predicted, not only qualitatively, but quanti- 
tively, 

101. It is not our business to enter further into the 
imain of Chemistry, It may, however, be desirable to 
ideavour to form a clear idea of the precise distinction 
itweeii Natural Philosophy and Uhemistry, The distinc- 
^ on is becoming every day less precise, for it is no longer 
ossible to divide the book of nature into volumes, and 
t?ctions, and chapters, and deal them out to separate stu- 
' ants for examination and interpretation ; for one student 
that he wants something which another student has 
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taken avay, so thdt they must either work together, or can 
must have his own separate and complete copy of the boo’ 
and meet together from time to time to explain and compail 
the results of their labours. Still, however, there are certaij 
distinctions which may assist the student in understand! n 
the object which the natural philosopher has in view in conte 
distinction to that of the chemist. These distinctions mai 
be considered under three heads : — 1 

First, There is a necessary generality in physical r<P 
searches and a necessary speciality in chemical researches 
Physical properties are similar in different bodies ; ehemici, 
properties are similar only in the same body. Por example 
the phenomena of weight are displayed in the same manne? 
in all bodies ; they are similarly affected by heat ; they arf 
all more or less sonorous ; and they all exhibit optical, mag- 
netic, and electrical phenomena. Whatever differences ard 
observed are only differences in degree. Glass is said to 
transparent because it transmits light with facility ; gold (be 
said to bo opaque because it stops the passage of light ; bdie 
glass if thick enough would be opaque ; and by hammerir^d. 
gold into an exceedingly thin leaf it becomes transparent, d)C 
at least translucent. Bodies have been divided into 
ductors and non-conductors of electricity ; into electrics i 
non-electrics. All bodies, however, conduct electricit^i^cbi 
or less freely, and by peculiar contrivances (91), bodip- 
called non-electrics may be made to develop electricity. t 
But in the different compositions and decompositio'i^ 
with wliich the chemist has to deal, specific properties a 
brought out at every turn, and these vary not only amoin ; 
the different elementary substances, but also among tlf 
most analogous compounds. Por example, the atmospher ^ 
air is composed essentially of two gases, oxygen and nitr * 
gen, which are mechanically mixed in the proportion of 
volumes of nitrogen to 1 of oxygen, and with tliis constitig, 
tion, and in this proportion, atmospheric air is the suppo. i 
of animal and vegetable life, and of combristioiL Combir 
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iB BOW to be conaidered ; but in order to arrive at a diatiact 
idea of tbe principle on which this wonderful measurement 
is based, we must gradually approach the subject by intro- 
ducing a familiar experiment. 

98. Every one is aware that when a lighted stick is 
whirled rapidly round, the effect on the eye is that of a 
continuous ring of fire. Let us suppose that the end of the 
stick describes a complete circle in -^i^th of a second, and 
that we keep the eye fixed at one point of the ring. 'When 
the lighted stick is at this point, the rays of light proceeding 
from it form an image in the eye of the observer upon a 
certain part of the retina. It might be supposed that, as 
soon as the stick had passed this point, this image on the 
retina would disappear, and another be produced on an 
adjoining spot of the retina, answering to the new position 
of the stick. But though the new image appears, the 
jformcr does not vanish, for the stick has time to make an 
mtire circuit and return to its former position to reproduce 
^is image before the sensation resulting from its first 
iransit is effaced. Thus it appears that a luminous impres- 
lion made on the retina has a certain persistence, and wo 
nay conclude from the above experiment that it continues 
).t least one-touth of a second aiter the cause ^ which pro- 
luced it has ceased. If, then, a luminous point, moving 
through the circumference of a circle in the tenth of a 
second, produces on the eye the effect of a complete rwy, 
t is evident that a lino of light revolving round one of its 
3nd8 as a pivot, ten times per second, will appear as a com- 
plete luminous disc. But let us suppose that, instead of 
5ne line of light, there are 10, 100, or 200 luminous equi- 
iistant radii, it is evident that the velocily of rotation may 
be 10, 100, or 200 times less than in the case of a single 
luminous radius. Or if a small wheel, with 100 equidifiitant 
apokes, be illuminated by the light of a lamp, this wheel 
aeed only perform one revolution in ten seconds in order to 
appear as a complete luminous disc. 
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But let US take a greater speed, and suppose the 100 
spokes to make a complete revolution in the -^th of a 
eecond. Each spoke would then pass through the space 
which separates two spokes in the of a 

second ; that is, each spoke shifts its place into that of its 
advancing neighbour every of a second. Bearing 

this in mind, let us next suppose that the light by which we- 
see the wheel does not shine continuously, hut flashes upon 
it for less than the xoV?yth of a second. The wheel ciinnot 
then appear as a complete luminous disc, because the spokes 
have not time to replace each other during tlicir illumina- 
tion, BO that 100 dark spaces will be left, and the proportion 
■which they bear to the whole area of the wheel ■will show us 
how much the duration of the flash feU short of xi^th of a 
second. If we suppose the light to continue only a very 
small fraction of of a second, the spokes will not 

have moved through any appreciable space, and the wheel 
will appear precisely the same as when at rest, although the 
impression will remain on the retina the ^^th of a second. 
This is what takes place when the rotating -wheel is illumi- 
nated by a flash of lightning, or by the discharge of a Leyden > 
jar, and however we may increase tlie number of spokes in 
the wheel, or the rapidity of its rotation, the light has come, 
and gone before the wheel has had time to turn through a 
sensible space. A revolving disc, on which any object is 
painted, seems perfectly stationary when illuminated by the' 
explosion of the Leyden jar. Insects on the wing appear by. 
the same means flxed in the air, and vibrating strings arc^ 
Been as if at rest in their deflected position. | 

Professor Wheatstone, to whom these beautiful experi-j 
ments ore due, finding that he could not obtain sufficient 
speed by this means to measure the duration of a flash 
of lightning, invented a revolving mirror, Pig. 87, wherel 
A is a support bearing a plain mirror turning on a hori-! 
zontal axis, like a little sw^ing dressing-glass, and made 
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spin rapidly by tbe endless skap h I passing round a 
i^ge wheel below. On 

poking into this spinning 

^irror, we receive rays re- 
#ected by it from any 
^ed light, as a candle at 
X, during only a small part 
of its revolution, niore or 
less according as the eye is 
tiearer to or farther from 
the mirror. Suppose now 
that when the mirror has the position shown in the figure, 
we see the light in the direction e a; when the mirror 
has attained the position shown by the dotted oval, we 
shall see the same light in the direction e a\ the angle 
ae d being twice that moved through by the mirror. As 
the mirror turns, we shall see the light apparently describe 
the arc a d d\ the apparent length of wliich (or the 
angle a e d') depends on our nearness to the mirror* 
Suppose we look close enough to seo this arc 40® long, 
then we see the light during the motion of the mirror 
through 20° or ^g^th of a revolution ; and it wiU be obvious 
that, if this motion occupy loss than -j^th of a second, we 
shall see the light in every part of this arc atf once as a 
})and of fire ; and if the mirror make one revolution in less 
than ^jyth of a second, this band of fire will be seen con- 
tinuously, though its image is only impressed on the eye 
during -j’^j^th of each revolution. Now, let the light x be an 
electric flash. If it last during less time than it takes the 
mirror to move through 20°, we plainly cannot see the whole 
arc of 40° at a d\ for the light does not last long enough to 
be seen successively at every part of that arc. The less its 
duration, therefore, the less of the arc will its imago be 
spread over ; and by observing its angular elongation, w'e can 
at once calculate its duration, provided we know the rate at 
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which the mirror is spinning. This Professor Wheatstone 
ascertained by the noieti of a syren.* He found that when 
the mirror revolved fifty times in a second, an electric spark 
appeared in the reilexion exactly as in the reality, or was 
not elongated through any perceptible space. Now, an 
elongation of half a degree would be plainly perceptiWo 
(being equal to the moon’s diameter, or an inch seen at 10 
feet distance), and this would have indicated a duration 
while the mirror moved through 15'. But it moved through 
860° in -^Q^th of a second, therefore through 15' in ^w^rri^h 
of a second, and the duration of the spark was less than 
this. 

By increasing the speed of the mirror, how'^ever, he at 
length succeeded in making the spark appear, in some cases, 
elongated to a measurable extent, and, by the simple method 
of calculation above exemplified, he found that though it^ 
duration varied greatly under different circumstances, yet it 
never exceeded a millionth of a second. 

But far more astounding was the discovery by the sanio 
means of the speed of transference of the electric for^o 
through a copper wire. It must be observed that tho 
metallic communication established betw'een the inner and 
the outer coatings of a Leyden jar, may be of any length 
without sensibly retarding the discharge, although it i8» 
certain that it must be communicated through tho wbol^ 
length of the wire, because a spark will bo seen at any smat 
break in its continuity, wherever such break may occur. 
Professor WTieatstone made the two coatings of a Leyden 
jar communicate through half a mile of wire, interrupted 
at three places, namely, near the two coatings, and at 
its centre, ^ of a mile from each, and so arranged that 
these sparks might be seen together, side by side. Of 
course the centre spark must occur later than the othersJ 
by the time which it took the electric impulse to travel! 
through i of a mile of copper. Now, when viewed in) 
* This infltrameiit is described in Rudimentary Pneumatics. • 
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the mirror, these sparks were seen elongated alike, but 
until he made the mirror revolve at the extreme speed of 
800 turns per second^ he could not perceive that the central 
spark appeared the least degree higher or lower than the 
others ; its foot and top appeared level with them, as if it 
began and ended at the very same instant. With the above 
extreme speed, however, he did perceive a slight difference, 
much less than the elongations of the sparks themselves, 
indicating that their duration was much longer than the 
passage through the quarter mile of wire, which occupied 
no more than the 2,304,000th of a second. This is at the 
rate of very nearly three times that of light through planetary 
space. 

94. The electricity just referred to is sometimes called tho 
electricity of tension ; that is to say, this force accumulates, 
or these two opposite forces or polarities accumulate, on the 
outer layer of an electrified body in consequence of its tension 
or tendency to escape by a discharge. The phenomena of 
tensional electricity are also called statical^ because there is 
no indication of motion, no travelling of the electric force in 
currents, except in the inconceivably short interval of the 
discharge. 

95. The laws of these currents form the science of 
JElectro-dgnamics, In order to set these currents in motipn, 
there i^ust always bo a circuit of conductors, through which 
the current may flow round in an endless stream without 
any accuntulation, and consequently without any tendency to 
escape. When tho circuit is broken, all effect instantly 
ceases. In such cases the electricity is said to have no 
tension. Sometimes, however, a momentary accumulation of 
force does take place at tho interrupted end, and discharges 
itself in a spark; the current is then said to have some 
tension, although it is vastly inferior to that of statical 
electricity. The appearance of tension, however, is only 
instantaneous, and all efi'oets cease until the circuit is again 
closed OP completed. The spark, or discharge of statical 
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electricity, appears only during tlie approach of the two * 
terminus or poles; but that of current electricity during^; 
their separation. 'Z 

If we divide all the effects of electricity into two classes,'^ 
namely, statical, or depending on the charge; and dgna^^ 
mical, or depen ciiiig on the discharge; it appears that 
whenever the former arc continuous, as in a charged jar, 
the latter last only during the instant of the discharge ; but 
whenever the discharge or flow is continuous, as in a gal- 
vanic battery, the charge or acdimulation is only momentary, 
and this at the instant of interrupting the circuit. 

96. We must now ivfer to the means by which dyna- 
nMcal or current electricity is set in motion, and the effects 
by which this motion is detected. These eflocts are totally 
different from the statical effects of attraction, repuhion, 
the sparJc, and the shock. They arc of three kinds, namely, 
chemical, magnetic, and thermal ; and so also are the actions 
by which these currents are set in motion ; so that to describe 
their sources, we must describe their effects, and vice versd ; 
so intimate is their connection. 

97. To reverse the order of their importance, and begin 
with the weakest and least fertile of these sources, it may 
be observed that the unequal heating of certain metals sets 
a ^rrent irf motion fj*om the hotter part to the colder, and 
in some cases from the colder to the hotter, prqyided a 
metallic circuit is open for its return. So also the partial 
application of heat to any part of any conducting circuit 
excites a current all round, provided the heating be unsym- 
metrical, or does not diminish both ways alike from the 
heated point, but more suddenly on one side than the other. 
These currents are extremely feeble. 

If we turn to other sources, currents of great power 
may be obtained, and they manifest that power in heating 
and maintaining, in some cases at a red and even a white 
heat, the thinnest or least capacious part of the metallic 
circuit, when the current is narrowed so as to form, as jfe 
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were, a rapid. Another variety of tho same action is dis- 
played in the momentary, hut most intense evolution of 
heat and light, by that momentary current which is called 
the gparh-discharge, or the disruptive discharge of statical 
electricity. 

Thus it will be seen that tho motion of heat produces 
electricity, and tho motion of electricity produces heat. 

98. Equally reciprocal is the connection between elec- 
tricity and magnetism, which from tho similarity of tho 
laws of these two sciences had long been suspected. Tho 
connection between these two kinds of polarity is of a most 
extraordinary and unparalleled kind, and may bo thus ex* 
pressed : — That the motion either of electricity or of mag- 
netism, circularly round an axis, develops the other force 
along that axis. Thus the rotation of a magnet on its 
axis produces electric currents along it, provided there be a 
circuit open for their return, which is always essential in 
dynamical electricity. On the other hand, if electric cur- 
rents whirl round in a vortex, tho two ends of that vortex 
always display the two magnetic polarities. Thus tho mag- 
netism of the earth is connected with the constant flow of 
electric currents round her from east to w^est, and then 
again with the unequal heating of the crust b)^ the sun, as 
each part is successively turned towards him. 

All clcctro-magneiic eflects -are explicable by the laws 
of mechanics, ■ if we suppose each particle of a magnet 
to exert on each particle of an electric current, and vice 
versd, a ttmgeiitial force, that is, neither an attraction nor 
a repulsion, but on urging to the right or left. The electric 
current tends to urge the magnetic particle round it, and 
the magnet to urge the electric current also round it. The 
same current which urges one magnetic polarity round it 
from right to left, will urge the other from left to right ; 
and if the current flow the opposite way, these effects are 
reversed. 

’'Statical electricity produces no magnetic effects; but 
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those of dynaiuical electricity arc bo decided as to form ttj^ 
most delicate test of IIh presence : hy no other means 4 |t 
our command could the feehlo currents produced by h^at 
have boon known to n% nor could numy of the laws of 
olectro«dynainicK e^e^ have been discoVerod. Again, cIqc* 
tricity, by affording a source of magnet ism of the mo$t 
intense degree, far (‘\cco(ling anything of the kind in 
nature, has led to tlio inagiietie discoveries of Paniday. 
The action of cnrr<'nts in tlie magnetic ntv‘dle lias a prac* 
tical application iii the electric t(di‘graph, in which tlie cur- 
rents set in motion arc* of extnune fetdden('ss. 

, Faraday has proved that as no electric current cai^ pas.-s 
near an iron or steel body without rendering it magnet i*:, 
unless HO arranged as to oppose Us own effect ; so, on tjjii* 
other hand, no magnet can he moved w'ithont producing 
electric currents in every noighhouring conductor, pro\ ided 
there be a chaoutd open for their circulation. 

Thus the motion (jf electricity produces magnetism, and 
the motion of luagm'tism produces tdectricity. 

00. Closely connected with these actions is the action of 
electric currents on each other, which gives rise to aitraC'^ 
iwn, repulsion, and induction, all of totally differemt kinds 
from those ^of statical electricity, lii the latt(‘r w'e have 
seen (01) that Biniilar polarities repel, and (libsimilar polari* 
ties attract each otlier; buj currents flowing in the same 
direction attract, and those flowing in ojiposito directions 
repel. So also a current through one conductor induces 
a current through a neighbouring conductor, insulated 
from it, not liowever while tlie first current ia flowing con- 
tinuously, for that produces no effect ; but at the instant of 
its being arrested, the secondary current, or rather w^ave, 
flows in one direction ; and at the instant of its rocomincnco* 
iiicnt, there is a secondary wave in the other direction. 

IOO 4 There is a third source and a third effect of these 
currents far more powerful and prolific of results thaai 
either the thermal or the magnetic sources, and mono 
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It, is probable that similar effects might be produced 
with any solids properly rubbed; but in many substances the 
electricity disappears as fast as it is formed. We cannot, for 
example, excite a rod of metal like the glass tube, by bolding 
it in the band and rubbing it. If, however, the metal rod 
have a glass handle, it can then be excited, and will retain its 
electricity. Hence bodies are arranged into two classes, 
conductors and non-conductors^ or insulators, Metals are the 
best conductors, because electricity travels along them with 
the great<*st facility. The glass tube and the silk thread are 
callod non-cmuluctors, because electricity travels along them 
with difliculty. The bodies in which electricity is excited 
are called electrics ; and in general the best electrics are the 
worst conductors, and rice versd,. 

Electricity must have remained for ever unknown, were 
it not that dry air is a good insulator; for the electric 
polarity, of either kind, has, like boat, a constant tendency 
to diffuse itself, and that not slowly, but imtantaneomly^ 
unless comj>letel3? surrounded by insulators. Moreover, the 
two polarities are capable, by their union, of totally neutral- 
izing each other ; so that a communication opened between 
two oppositely electrified bodies instantly reduces both of 
them to their natundly electrified state. Wliile separated 
by an insulator, such as air, they manifest a tendency to 
communicate, not only by their mutual attraction, but by the 
polarity of each being intensely concentrated on the side 
next tho other. AVhen they approach within a certain 
distance, callod their sirihing distance (which is greater or 
less according to tho intensity of their excitement), the 
ntervening insulator is instantly broken through or burst 
isunder, with an evolution of heat, light, and sound, which 
s called the disruptive discharge^ or sparky and in nature, a 
lash of lightning. If tho two bodies be good conductors, 
his discharge instantly restores both to their natural state, 
)r, in other words, restores electrical equilibrium. 

When two conducting surfaces arc separated by' an in- 

H 
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Biilator, the accumulation of either the positive or negative 
polarity in one surface will develop the opposite polarity in the 
other by a peculiar action called induction^ which is entirely 
the reverse of conduction^ inasmuch as it takes place only 
through nor^condttetoris i and instead of tending to restore 
equilibrium, has just the opposite tendency to increase its 
disturbance, or widen the difference between the two polari- 
ties by rendering both more intense* 

92 The usual method of accumulating electricity is by 
.means of the Leyden jar. This is a glass bottle, coated on 
both sides with tin foil, except a portion of the upper part 
of the jar. The mouth of the jar must communicate with 
the inside by a metallic conductor, with a knob* at its upper 
end, its low^er end being in contact wdth the inner metallic 
coating. In this arrangement we have two metallic con- 
ducting surfaces separated from each other by the non- 
conducting glass. It is evident that wo can bring the two 
coatings into connection by placing a metal wire against the 
outer coating, and also against the knob at the toj) of the 
jar. On presenting the knob to the electrical machine, 
sparks of vitreous or positive electricity will pass into the 
jar, which becomes vitreous or positive, and, by induction 
through the glass, renders the outside resinous or negative ; 
and the mutual attraction of the two polarities retains them 
in the coatings, or rather on the two surfaces, of the glass 
which separates them, and which is then said to be charged. 
If wo make a metallic communication between them, the 
two electricities instantly neutralize each other (91) ; a 
brilliant spark of light passes between the knob of the jar 
and the metal used to make the connection. It is the 
duration of this spark and the velocity of its transit which 

* Kaobs are lo eiteniiveljr used in electrical apparatus, because tbe 
polarity, which resides only in tbe snrface of an electrified body, is not 
equally distributed, but concentrated in the salient parts, and so intensely 
at the edges or points, if sny be present, that it cannot be confined in an 
angular body. 
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ihese chimically (t. more intimately tlian by mere 

mixtiJre)^ <md in different proportions, and wo get totally 
new bocUes. 14 parts by weight of nitrogen, combined with 
S parts by weight of oxygen, produce a gas (the nitrous 
oxide) which has a faint agreeable smell ; is absorbed by cold 
water to the extent of about three-fourths of its volume ; 
mixed with hydrogen, and ignited, it explodes ; bodies bum 
in it with increased brilliancy, and when taken into the lungs 
it produces a sort of intoxication, generally accompanied by 
convulsions of laughter. 14 parts of nitrogen with 16 parts 
of oxygen produce a gas, the nitric oxide, which has totally 
different chemical properties. Cold water scarcely absorbs 
it ; mixed with hydrogen it bums with a green flame ; a 
lighted taper will not burn in it ; any attempt to breathe it 
produces suffocation, and when let out into the air it 
becomes of a reddish-brown colour. 14 parts of nitrogen 
combined with 40 of oxygen form nitric acid, a corrosive 
poison, and one of the strongest of the acids. 

Hence the distinction between mechanical and chemical 
union or combination is that, in the former, the compoimd 
has in every respect properties intermediate between those 
of its ingredients ; it is heavier than one and lighter than 
the other (we speak of specific w^oight) ; more transparent 
than one, more opaque than the other ; harder than one, 
softer than the other, &c. &g. But a chemical compound has 
properties not intermediate between its ingredients ; it may 
be harder than either, more transparent than either, specifl- 
cally heavier than either, and, in fact, often has no one pro- 
perty in the degree that could have been calculated from 
their degrees of it, except absolute weight (which is invari- 
able), and perhaps, refractive power. Whenever combi- 
nation, then, produces a change of properties or of any 
one property, the phenomenon is referr^ to chemistry; 
whenever there is no such change, it is referred to physics. 
This is the only distinction. 

Physical differences in bodies are always to be detected by 

I 
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the senses of iouc\ hearing^ or sight. Chemistiy deals ivifli 
such differences as are only sensible to ta^ie or smelly or by 
the action of bodies on each other. A physical difference 
between two bodies does not necessarily imply a chemical 
difference, for ice and water^ or charcoal and diamondy though 
physically different, are chemically the same ; wliile, on the 
other hand, strontia and haryta, nitrogen and carhonic oxides 
present examples of bodies physically alike, but chemically 
different. 

Secondly. The old distinction^between natural philosophy 
and ehomistiy was, that the phenomena examined by the 
former related to tnasses of matter, and the phenomena 
chemistry to molecidea. This distinction is not worth inucli, 
because many physical phenomena are purely molecular, 
such as cohesion, adhesion, elasticity, and the various kinds 
of polarity. Indeed, pliysical phenomena as observed In 
masses are but sensible results of molecular ac-tions, which, 
taken individually, w ould be insensible as far as the inodes* of 
investigation placed at the disposal of the natural pliilo o* 
pher arc concerned. But a certain mass or volume of i y 
substance is equally necessary for the display of chemi ai 
phenomena ; so that the distinction between masses ?iud 
molecules d^es not form a real distinction between naturnl 
philosophy and chemistry. It is often necessary, hox^cver, 
for the exhibition of chemical phenomena, that substani^e-i 
intended to act upon each other should be brought to a 
state of minute dmsion. Thus, the metals iron, copper, and 
lead, in masses, resist the action of the atmosphere ; they 
become slightly tarnished with oxides, which protect the in 
from further action ; but in a state of minute division they 
are acted upon with great energy, and often present the 
phenomena of combustion by simple exposure to the air. It 
is also often necessary for the exhibition of chemical pheno- 
mena that one of the bodies should be in a fluid state. 
Solutions mostly depend upon this condition, and here agi^in 
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state of minute division is important, merely by increasing 
l^e surface of contact between the solvent and the body to 
^ dissolved; thus offering an immense number of points 
where tbe action may simultaneously be exerted. It is 
obvious that the conditions of comminution and fluidity are 
‘ jEkever indispensable in tbe production of physical phenomena 
properly so called. 

The third and most important distinction between natural 
philosophy and chemistry is, that in physical phenomena the 
constitution of the body, or the mode of arrangement of its 
particles, may be changed, although, in general, it remains 
unaltered. Yet the arrangement of particles in sugar, may 
be altered without altering any chemical property, but only 
the phy.sica] property of polarization ; but its nature, or the 
oompoeition of its inohjcules, remains constantly unalterable. 
In chemical phenomena, on the contrary, not only is there 
always a change of state with respect to one. of the bodies 
under consideration, but the mutual actions of these bodies 
necessarily change their nature, and it is this very change 
which constitutes the chemical phenomena. For example, a 
mixture of magnesia and v\ ater produces scarcely any chemical 
change ; their combination is almost purely mechanical ; the 
water dissolves less than a six-thousandth part ^of this earth, 
HO that by passing the mixture through a filter, the water 
and the magnesia can be almost perfectly separated. If, 
iiow'over, we add magnesia to dilute sulphuric acid, a solution, 
or true chemical combination, takes place. Tw^enty parts of 
magnesia conibine with 40 of sulpbunc acid and 68 of water 
to form 123 parts of sulphate of magnesia, a crystalline salt, 

, soluble in its own w’cight of. water at 60®, and of a nauseous 
bitter taste. In fact, we get a new compound w hose che- 
mical properties are totally different from those of its compo- 
]^ent ports. The acid is intensely sour and caustic, the earth 
^ h insipid and slightly alkaline ; combine the two, and we get 
';%bitter compound, the well-known JEpeom salts. 
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This example leads us to a specific dififerenoe between 
nechanical or physical phenomenon and a chemical pheno*" 
nenon. In the one we get the mean of the properties of the 
tsomponent parts ; in the other we get different properties. 
In the one we still recognise the distinctiyc properties of the 
two bodies brought together ; in the other we have to study 
the properties of a third substance. 

Hence, if all chemical phenomena should eventually be 
found to depend on physical agencies, it will still bo neces- 
sarily true, that in a chemical fiict there will always be some- 
thing more than in a physical fact, namely, a characteristic 
change in the molecular condition of the body, and conse- 
quently in all its properties. Hence Natural Philosophy is 
the science in which we study the laws which govern the 
general properties of bodies viewed in the mass, and con- 
stantly placed in circumstances susceptible of preserving 
untouched the composition of their molecules, and even most* 
commonly the state of their aggregation. 

102, Should the young student who has followed us 
through this hasty sketch seek in vain for the moral of our 
story, and ask, “What is the use of Natural Philosophy 
we may reply by quoting Franklin’s answer to a similar 
inquiry, “ what is the use of a new-bom infant ?” The germs 
of all scientific research contain the elements of futuro 
strength and usefulness. All our knowledge bears reference 
either to speculation or to action, and hence may be divided 
into the theoretical and the practical. The first constitute 
the natural basis of the second, and every branch of industr; 
has derived inestimable benefit from scientific theories. 
Who could have supposed that the ancient Greek geometers^ 
while speculating on the properties of tlie conic sections, 
would be of infinite service ^fter a long series of ages, in 
renovating the science of astronomy, and bringing the art of . 
navigation to a perfection which it would probably not have* 
attained in our own day, but for the purely theoretical- 
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labours^ of Archimedes and Apolloniuilf ; so that, asCondorcet 
beautifully remarks, “ the sailor who has been preserved 
from shipwreck by an accurate observation of the longitude, 
owes his life to a theory conceived two thousand years ago, 
by men of genius who had in view only simple geometrical 
speculations.” Hence we must never test the value of scien- 
tific discoveries by their practical application. If not appli- 
cable now, they may become so hereafter, as the whole history 
f »f science proves. It is enough for us that our highest iiitel- 
reotual capacities are trained and gratified by the study of 
ijuturai laws, because, in proportion as wo master then^ we 
f>:ain power over the material universe. Our knowledge, it is 
1 rue, proceeds by slow and painful steps ; it is constantly 
obscured by error, doubt, and difficulty ; but there is this 
ihecring influence connected with studied of this kind, that 
the more we know, the less wc have to remember ; for in pro- 
portion as knowdedge is collected and generalized into laws or 
principles, the greater is its simplicity ; in proportion as we 
increase in real knowdedge, we increase in power ; for the 
fewer these principles arc, the more general does each of 
them become, and therefore the more extended in their 
application, and the more power must accrue from their 
knowledge. There is such an expansive property in all 
that is written down in the hook of nature, that, like the 
revealed word of God, the more we study and ponder over 
its contents, the more does truth cr je up to light ; some- 
thing before unseen begins to ap^ ir; something that was 
dark gradually becomes light | Ant which w^as only light 
becomes gloriously eft’ulgent. The Christian philosopher 
has therefore every encouragement to persevere in bis 
inquiries, for if undertaken in a right spirit, they will lead 
1) a more intimate communion with his Maker. Aj 8 a 
('hristian, he relies upon the goodness and mercy of God, 
through the merits of his Eedeemer ; and, as a philosopher, 
be relies upon the constancy of natural laws. When the 



